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ABSTRACT 
 
 A new generation of photoelectrochemical cells showing strikingly high conversion 
efficiencies have emerged. A promising photoelectrochemical process is solar-driven water-
splitting in which hydrogen and oxygen gas are produced from liquid water. To obtain high 
conversion efficiencies in a photoelectrochemical water-splitting cell, a semiconductor electrode 
with a small enough band gap to efficiently absorb sunlight is required; however, most low-gap 
semiconductors are chemically unstable. Efforts are now focused on developing methods to 
stabilize low-gap semiconducting materials so that stable and efficient photoelectrochemical solar-
driven water-splitting is achieved. 
 Two well-developed techniques used to stabilize low-gap semiconductors are the 
attachment of organic molecules and/or the deposition of thin film inorganic passivation layers to 
the semiconductor surface. In both cases, the technique is effective at stabilizing the surface, but 
the functionalization is often accompanied by a reduction in the performance of the photoelectrode. 
An understanding of the limitations behind the observed reduction in performance associated with 
surface functionalization is still lacking, creating a roadblock for further improvements in 
photoelectrochemical solar-driven water-splitting devices. In this thesis, a multiscale device 
modeling approach for elucidating charge transport mechanisms across functionalized 
semiconductor photoelectrodes and subsequently predicting strategies for improving performance 
is described. 
 The multiscale device model consists of a combination of finite-element charge transfer 
modeling and first-principles density functional theory. The applicability of the device model was 
demonstrated by elucidating the charge transfer limitations due to organic functionalization and 
the deposition of inorganic passivation layers. It was found that the predominant effect due to 
organic functionalization is the modification of the dipole on the semiconductor surface and a 
method for predicting the surface dipole and the resulting performance for an arbitrary organic 
moiety is described. It was found that thin film inorganic passivation layers may function as either 
"leaky" or "non-leaky" dielectrics. In the case of leaky dielectrics, charge transport is limited by 
field-assisted thermionic emission at the semiconductor|dielectric interface which can be improved 
by increasing the electric field across the dielectric. In the case of non-leaky dielectrics charge is 
limited by absorption in the inorganic film which can be avoided using wavelength filters on the 
light illuminating the semiconductor surface. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Motivation 
 In theory, designing a system capable of harvesting ~20 TW of the solar power incident on 
Earth would meet total global energy consumption [1.1]. Two promising devices to achieve this 
are photovoltaic and photoelectrochemical (PEC) cells. In both devices, the semiconductor serves 
as an antenna that efficiently captures and converts incident light into free charge carriers that are 
separated and exploited to generate electrical and/or chemical energy [1.2]. However, 
photovoltaics cannot produce electricity at night nor under cloudy conditions, while the chemical 
fuels produced by PEC cells can be utilized to generate electricity on-demand, are easily 
transported, environmentally friendly, and unlimitedly storable. In addition, PEC cells have shown 
strikingly high conversion efficiencies, motivating research away from conventional photovoltaics 
and towards a new generation of PEC cells [1.3]. 
 Research has focused on utilizing PEC cells for solar-driven water-splitting in which 
hydrogen (H2) and oxygen (O2) gas are produced from liquid water [1.4], [1.5], [1.6], [1.7], [1.8], 
[1.9], [1.10], [1.11], [1.12], [1.13]. These cells consist of two electrodes immersed in water and 
exposed to sunlight. In theory, a single semiconductor material under illumination could provide 
the 1.23 V electrochemical difference required to split water. However, typical maximum power 
point voltages of this magnitude require a semiconductor with an excessively large band gap, 
which leads to low solar-to-hydrogen energy conversions [1.14]. An alternative strategy is to use 
two semiconducting materials placed electrically in series such that the electrochemical potential 
difference required to split water is partially provided by each semiconductor. One semiconductor 
operates as the photocathode to drive the H2 evolution reaction while the other operates as the 
photoanode to drive the O2 evolution reaction. This allows independent control of the band-edge 
energies for each semiconductor relative to the redox potentials required for the H2 and O2 
evolution reactions. 
 For high performance water-splitting both semiconductor electrodes require a small 
enough band gap to efficiently absorb sunlight. Typical examples are found in the group IV, III-
V, II-VI, and chalcopyrite materials [1.15]. However, these low-gap semiconductors typically 
dissolve or develop insulating oxide coatings during operation in a water-splitting cell. Thus, this 
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efficiency requirement presents a materials conundrum: known chemically stable semiconductors 
have too large of a gap to absorb a significant fraction of sunlight while low-gap semiconductors 
are chemically unstable. Current research efforts are focused on developing methods to stabilize 
low-gap semiconducting materials for use in a technologically viable, efficient, and stable solar-
driven water-splitting system. 
 One versatile technique to enhancing the stability of low-gap semiconductors is chemical 
attachment of organic molecules to the semiconductor surface [1.16], [1.17], [1.18]. For example, 
Lewis and coworkers have shown that methyl-terminated Si(111) resists oxidation [1.19]. To 
further prevent degradation several inorganic materials have been introduced as passivating layers 
such as SiO2 [1.20], Al2O3 [1.21], and TiO2 [1.22]. For example, Rose et al. have recently shown 
that H2 evolution at photovoltages positive with respect to the reversible H2 electrode is achieved 
by combining organic surface functionalization with the deposition of a thin layer of inorganic 
metal oxide on p-Si(111) electrodes [1.23]. Regardless, an understanding of the impact of organic 
functionalization and inorganic passivation layers on charge transfer is still lacking, establishing a 
roadblock for further improvements in device performance.  
 
1.2 Thesis Statement 
 Multiscale device modeling in conjunction with experimental work is effective at 
elucidating charge transport mechanisms across heterojunction structures. This is demonstrated by 
combining first-principles density functional theory with finite-element device modeling to 
investigate the limitations of organic functionalization and inorganic passivating layers on charge 
transfer across semiconductor photoelectrodes. The approach provides a predictive capability that 
is used to direct experimental methods for controlling charge transfer across interfaces and 
engineering thereof. 
 
1.3 Thesis Summary 
 Relevant background on the experimental systems modeled in this work is presented in 
Chapter 2. Descriptions of the theoretical approach and aspects related to the computational tools 
used in the multiscale device model are presented in Chapter 3.  
 Chapter 4 describes how organic functionalization impacts the charge transfer across a 
semiconductor/electrolyte interface. By modeling experimental device performance data using 
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wxAMPS, it was concluded that the predominant effect due to organic functionalization is the 
establishment of an interfacial dipole. It was found that a positive (negative) interfacial dipole will 
increase the barrier height and depletion width at a p-type (n-type) semiconductor/electrolyte 
interface, thus reducing thermionic emission and improving device performance. Next, methods 
are described for predicting the magnitude of surface dipole of an organic moiety on an arbitrary 
semiconductor surface using density functional theory and potential high performing candidates 
are suggested. 
 Chapter 5 describes how the deposition of leaky dielectric passivation layers upon a 
semiconductor surface impacts charge transfer across the heterostructure. By modeling 
experimental device performance data with wxAMPS, it was concluded that charge conducts 
through a defect band within the wide gap "leaky" dielectric. It was found that charge is limited 
by field-assisted thermionic emission at the semiconductor|dielectric interface and that transport 
can be improved by enhancing the crystallinity of the dielectric and/or depositing platinum 
nanoparticles on the surface.  
 Chapter 6 describes how deposition of non-leaky dielectric passivation layers impacts the 
charge transfer across the semiconductor surface. The model was used to engineer a PEC cell with 
a non-leaky dielectric to evolve H2 without an external applied bias. It was found that non-leaky 
passivation layers can act as electron or hole selective contact layers depending on the band-edge 
alignment with the underlying semiconductor. It was found that the selectivity for electron 
selective contact layers is optimized by utilizing an ultraviolet filter. Chapter 7 ends this thesis by 
listing the conclusions arrived at in the above work and describing future design considerations. 
 Some of the text and figures contained within this dissertation come from complete 
manuscripts either in preparation close to the submission stage or already accepted and published. 
In the case of already accepted and published material adequate permission was obtained from the 
publisher to reproduce the material. The chapters in which parts of a manuscript may be found are 
summarized below: 
 
(Chapters 2,3,4)  Kearney, K.; Rockett, A. Simulation of Charge Transfer and 
 Recombination across Functionalized Si(111) Photoelectrodes. Journal of the 
 Electrochemical Society, vol. 163, pp. H698-H604, 2016. 
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(Chapter 2,3,4) Kearney, K.; Iyer, A.; Rockett, A.; Staykov, A.; Ertekin, E. Effect of Surface 
 Coverage and Composition on the Stability and Interfacial Dipole of Functionalized Silicon. 
 The Journal of Physical Chemistry C, vol. 121, pp. 11312-11318, 2017. 
 
(Chapter 4) Kearney, K.*; Iyer, A.*; Boucher, D.; Rockett, A.; Stakov, A.; Rose, M.; Ertekin, E. 
 Band-Edge Modulation of Functionalized Photoelectrodes: Combined Computational and 
 Experimental Investigation. Manuscript in preparation, 2017. 
 *co-first authors 
 
(Chapter 2,5) Kearney, K.*; Kim, H. J.*; Le, L.; Haber, Z.; Rockett, A.; Rose, M. Charge-
Transfer  through Ultrathin Film TiO2 on n-Si(111) Photoelectrodes: Experimental and 
Theoretical  Investigation of Electric-Field Enhanced Transport with a Nonaqueous Redox Couple. 
The  Journal of Physical Chemistry C, vol. 120, pp. 25697-25708, 2016. 
 *co-first authors 
 
(Chapter 2,6) Shintaro, I.; Kearney, K.*; Futagami, T.; Hagiwara, H.; Sakai, T.; Watanabe, M.; 
 Rockett, A.; Ishihara, T. Photoelectrochemical H2 Evolution Using TiO2-Coated CaFe2O4 
 Without an External Applied Bias Under Visible Light Irradiation at 470 nm Based on 
 Device Modeling. Sustainable Energy and Fuels, vol. 1, pp. 280-287, 2017. 
 *Significant modeling contribution 
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CHAPTER 2 
EXPERIMENTAL SYSTEMS 
 
 In this chapter, recent experimental systems that can benefit from computational insight 
are described. First, various types of electrodes in which limitations in charge transfer across the 
surface have been observed are discussed followed by additional material modifications modeled 
in this thesis: passivation layers and platinum nanoparticles.1 
  
2.1 Electrodes 
2.1.1 Hydrogen and Methyl-Terminated Silicon 
 Si(111) electrodes are ideal substrates for band-edge engineering due to the well-defined 
chemical and structural properties of the H-terminated surface [2.1]. Despite having superior 
electrical properties, H-Si(111) gradually oxidizes in air, which is impractical for device 
applications [2.2]. Lewis and coworkers have shown that a 100% CH3-terminated Si(111) 
electrode resistant to oxidation can be synthesized from the H-Si(111) surface using a two-step 
chlorination/alkylation reaction [2.2], [2.3]. However, experimental studies have shown there is 
~0.5 eV difference in the magnitude of interfacial dipole between the two surfaces that 
significantly impacts the charge transfer across the semiconductor surface [2.4], [2.5], [2.6]. 
 
2.1.2  Mixed Methyl/Alkyl-Terminated Silicon 
 Lewis and coworkers have further extended the chlorination/alkylation process used to 
methylate silicon to mixed methyl/alkyl monolayers [2.4], [2.7], [2.8], [2.9]. For example, mixed 
methyl and CH2CHCH2-Si(111) surfaces have been synthesized and shown to display similar 
oxidation resistance as the CH3-Si(111) surface [2.7]. This suggests that if 100% Si-C atop bonding 
is achieved, the surface will resist oxidation. Despite the superior passivation properties of the 
                                                     
1 Sections of this chapter are  
(1) Reproduced with permission from J. Electrochem. Soc. 163, H698, 2016. Copyright 2016, The 
Electrochemical Society. 
(2) Reprinted with permission from J. Phys. Chem. C, 120 (45), 25697-25708, 2016. Copyright 2017, American 
Chemical Society. 
(3) Reprinted with permission from J. Phys. Chem. C. 121 (21), 11312-11318, 2017. Copyright 2017, American 
Chemical Society. 
(4) Sustainable Energy and Fuels, 1 (2), 280-287 – Reproduced by Permission of The Royal Society of Chemistry. 
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CH3-Si(111) surface, CH3-termination produces a -0.4 V surface dipole in contact with silicon, 
which decreases the open-circuit voltage for p-Si devices [2.4], [2.10], [2.11]. Therefore, to 
improve the performance of CH3-Si(111) for p-Si devices, a mixed monolayer that maintains 100% 
Si-C atop bonding while establishing a more positive dipole than CH3-Si(111) is required.  
 Plymale et al. have shown that this can be achieved with a mixed methyl and 3,4,5-
trifluorophenylacetylene (TFPA) surface. They have shown that varying coverages of methyl and 
TFPA functional groups can be obtained by using a controlled three-step halogenation/alkylation 
process with the following sequence: H-Si(111) -> Cl-Si(111) -> mixed Cl/TFPA-Si(111) -> 
mixed CH3/TFPA-Si(111) [2.4]. Plymale et al. experimentally measured the interfacial dipole of 
both mixed Cl/TFPA-Si(111) and mixed CH3/TFPA-Si(111) surfaces. For both Cl/TFPA-Si(111) 
and CH3/TFPA-Si(111), the dipole is more positive relative to CH3-Si(111) and increases with 
TFPA coverage [2.4]. Although the dipole established for Cl/TFPA-Si(111) was more positive 
than CH3/TFPA-Si(111) across all coverages, the lack of 100% Si-C atop bonding resulted in 
significant oxidation and/or surface state formation [2.4]. Therefore, the ideal surface in principle 
should be CH3/TFPA with the highest achievable coverage of TFPA.  
 
2.1.3 CaFe2O4 
 CaFe2O4 (CFO) is an attractive material composed of Earth-abundant elements with low 
handling and purification costs [2.12]. CFO is a p-type semiconductor (bandgap: 1.9 eV) that can 
function as a photocathode in a PEC cell [2.13]. The onset potential for CFO photocathodic current 
is reported to be ~1.2 V vs. the reference hydrogen electrode (RHE), which is higher than other p-
type semiconductors such as CuOX, SiC, and chalcogenide-based materials [2.14], [2.15], [2.16], 
[2.17]. However, an external applied voltage is necessary to decompose water using a two-
electrode system such as CFO and Pt. To produce H2 and O2 without an external applied bias, the 
onset potential for the CFO electrode must be increased to ~1.5–1.6 V vs. RHE considering the 
overpotential required for water oxidation at the counter electrode.  
 
2.2 Passivation Layers 
 Coating a photoelectrode with a metal oxide such as TiO2 [2.18], [2.19] or ZnO [2.20] is 
often used to shift the onset potential of semiconductor electrodes in addition to effectively 
protecting the surface. However, depending on the deposition conditions of the metal oxide, the 
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onset potential may be reduced rather than increased [2.21]. The magnitude and direction of the 
induced shift depends on the generation, recombination, and charge transport across the metal 
oxide, which are sensitive to the electrical properties of the film. 
 Lewis et al. reported the use of amorphous TiO2 (a-TiO2) deposited by atomic layer 
deposition (ALD) as a passivating layer on a set of water oxidation photoanodes including n-Si, 
n-p+-Si, n-GaP, and n-p+-GaAs [2.22]. The np+-Si|a-TiO2+44nm|Ni-island photoanode revealed 
stable operation of water oxidation for over 100 h in 1 M KOH (aq), while allowing the passage 
of a very high (>1 A cm-2) current density, which was ascribed to its “leaky dielectric” behavior. 
A very recent report by this same group explored the spectroscopic (XPS, UPS) and 
electrochemical properties of Si(100)|TiO2 heterojunctions [2.23].
 In related work, Bard and co-
workers reported the surface modification of a BiVO4 photoanode by electrodeposition of a-TiO2 
to avoid undesired back-reduction in the water oxidation reaction [2.24]. By introducing 80−120 
nm of a-TiO2, the resulting device exhibited stability for at least 12 h, and the onset potential of 
water oxidation was shifted cathodically by ∼0.5 V. Additionally, the photocurrent of water 
oxidation was increased by roughly 6-fold. It was postulated that the observed high electronic 
conductivity of a-TiO2 was due to Ti
3+ ions in the lattice arising from oxygen vacancies, thus 
resulting in a conductive electronic defect [2.24]. 
 Ager and Javey et al. reported the role of TiO2 deposited by ALD on p-InP photocathodes 
and provided a framework for understanding the important electronic differences based on the 
identity of the titanium(IV) ALD precursor. These researchers compared the PEC performance of 
p-InP|TiO2 as a function of the ALD-TiO2 precursor [2.21]. Specifically, 10 nm of c-TiO2 was 
grown on p-InP at 250 °C using tetrakis-(dimethylamido)titanium (TDMAT) and titanium tetra- 
isopropoxide (TTIP) precursors. The InP|TiO2 photoelectrode with N-TiO2 (grown from TDMAT) 
had a 0.23 V lower photovoltage compared to O-TiO2 (grown from TTIP). This difference was 
attributed to Ti3+ defects in the lattice, which were revealed by X-ray photoelectron spectroscopy 
to be present in N-TiO2 but not in O-TiO2. These authors postulated that the Ti
3+ defects allow for 
hole conduction through TiO2, which enhances electron recombination at the surface and 
diminishes the onset potential for water reduction [2.21]. 
 
2.3 Platinum Nanoparticles 
 Fermin et al. and Gooding et al. have thoroughly investigated the role of metal NPs in 
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recovering the electrochemical kinetics through self-assembled monolayers (SAM) deposited on 
metal electrodes [2.25], [2.26], [2.27]. Specifically, it was observed that the deposition of SAMs 
hinders electron transfer from the metal electrode to the redox couple; however, fast kinetics is 
restored when Pt or Au NPs are deposited on top of the metal|SAM electrode. Chazalviel and 
Allongue suggested that this behavior could be understood by the fact that electron transfer from 
the underlying metal electrode to the metal NPs is orders of magnitude faster than electron transfer 
from the metal electrode to redox species in solution [2.28]. Additionally, Fermin and co-workers 
have shown that the extent of enhancement in the NP’s charge transfer mediation is related to the 
overlap in the density of states of the nanoparticles and redox species in solution [2.29]. Bard et 
al. extended this work by replacing the SAM with TiO2 resulting in a Pt(UME)|TiO2|Pt-NP 
assembly [2.30]. In these electrodes, the TiO2 was sufficiently thin to facilitate electron conduction 
through the TiO2 via tunneling. Similarly, it was postulated that the Pt−NPs improved the 
electrochemical kinetics across the TiO2 layer because tunneling from the underlying metal 
electrode to metal NPs is much more probable than tunneling from the metal electrode to redox 
species in solution [2.30]. 
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CHAPTER 3 
THEORETICAL METHODS 
 
3.1 Multiscale Device Modeling Approach 
 In this work, multiscale device modeling is used in conjunction with experimental data to 
investigate charge transport across modified semiconductor surfaces. The device model combines 
micron-scale finite-element modeling with atomic-scale first-principle calculations. The finite-
element aspect of the model is a device simulator called wxAMPS while the first-principles aspect 
is density functional theory. By combining the two computational tools together, a multiscale 
device model ranging from the atomic to the nanometer/micron scale is achieved as shown in 
Figure 3.1. The approach for using the model involves three steps: model development and 
validation, determining the charge transfer limitation, and predicting improvements. The approach 
provides a predictive capability that has been demonstrated to be correct through experimental 
validation. The sections below describe the methods behind the wxAMPS simulations and density 
functional theory calculations and the relevant theoretical concepts related to the charge transfer 
mechanisms modeled. Input parameters used for both computational tools are listed in Appendix 
A.2 
 
3.2 wxAMPS 
 A drift-diffusion solid state device simulator, wxAMPS, was used to model charge 
transport across functionalized semiconductor surfaces [3.1]. wxAMPS is a revised software based 
on AMPS, a solar cell simulation program developed by Fonash et al. at the Pennsylvania State 
University [3.2]. wxAMPS takes the same input parameters and conforms to similar physical 
principles as AMPS but employs a different numerical algorithm that greatly improves the stability 
of the software.  
 Another drift-diffusion device simulation tool that has been previously employed to model 
semiconductor/liquid junctions is ToSCA [3.3]. In terms of modeling the effect of key kinetic 
                                                     
2 Sections of this chapter are  
(1) Reproduced with permission from J. Electrochem. Soc. 163, H698, 2016. Copyright 2016, The 
Electrochemical Society. 
(2) Reprinted with permission from J. Phys. Chem. C. 121 (21), 11312-11318, 2017. Copyright 2017, American 
Chemical Society. 
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parameters on the steady-state current versus voltage response, ToSCA is superior. In addition, 
ToSCA treats electron and hole carrier capture processes separately while wxAMPS combines 
them into a single effective surface recombination velocity parameter. However, wxAMPS was 
originally created to model amorphous materials so the software can handle high defect densities 
including mid-gap states, continuous states, and discrete states. There is also no limit to the number 
of layers that can be simulated in the device. This gives wxAMPS the ability to qualitatively model 
the effects of mechanisms where interfacial kinetic rates are less important, such as charge 
trapping, Fermi level pinning, surface or bulk defects, and interfacial dipoles. wxAMPS can also 
simulate two types of tunneling - trap-assisted and intraband [3.4], [3.5]. A free version of 
wxAMPS is available online [3.6]. 
 
3.2.1  Charge Transport Model 
 wxAMPS simulates carrier transport in solid state devices by solving three coupled non-
linear differential equations simultaneously: Poisson’s equation, the continuity equation for free 
holes, and the continuity equation for free electrons [3.7]. The form of Poisson’s equation used by 
wxAMPS relates charge carrier concentrations to the electrostatic potential in one dimension by: 
 
d
dx
(ε(x)
dψ
dx
) = q ∗ [p(x) − n(x) + ND
+(x) − NA
−(x) + pt(x) − nt(x)]      (1) 
 
where ψ is the electrostatic potential referenced to the position of the local vacuum level [3.7]. n, 
p, nt, pt, ND
+, NA
- are the free electron, free hole, trapped electron, trapped hole, ionized donor, and 
ionized acceptor state concentrations as a function of position x in the device. 𝜀 is the permittivity 
of the material and q is the charge of an electron.  
      The continuity equations for free electrons and holes in the delocalized states of the 
conduction and valence bands are given by Equations 2 and 3: 
 
1
q
(
dJn
dx
) = −Gop(x) + R(x)     (2) 
1
q
(
dJp
dx
) = Gop(x) − R(x)     (3) 
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where Jn and Jp are the electron and holes current densities, respectively [3.7]. R(x) is the net 
recombination rate from band-to-band and/or via Shockley Reed Hall recombination while Gop(x) 
is the optical generation rate from illumination. Transport characteristics are determined by solving 
the three coupled non-linear differential equations subject to the following boundary conditions at 
the contacts [3.7] 
 
ψ(0) =  ψo − V     (4) 
ψ(L) = 0      (5) 
Jp(0) =  −qk(po − p(0))    (6) 
Jp(L) = qSpL(p(L) − po)    (7) 
Jn(0) = qk(n(0) − no)    (8) 
Jn(L) = −qSnL(no − n(L))    (9) 
 
where x=0 is at the electrolyte contact and x=L is at the back contact, which is assumed to be 
metallic. ψo, no, and po refer to the electrostatic potential, electron concentration, and hole 
concentration at thermodynamic equilibrium. k refers the electron transfer rate constant from the 
semiconductor into the electrolyte while SpL and SnL are the effective surface recombination 
velocities for holes and electrons. wxAMPS uses the method of finite differences to divide the 
one-dimensional device into segments of grid points associated with chemically-distinct layers, 
which the user defines. wxAMPS then uses a combination of Newton and Gummel methods [3.8] 
to solve the three coupled equations (Equations 1-3) simultaneously along with the appropriate 
boundary conditions (Equations 4-9). 
 
3.2.2 Electrolyte Model 
 The electrolyte is treated as the front contact of the device while the back contact is set to 
be ohmic. In wxAMPS, the contact potential is defined as the difference between the conduction 
band edge of the layer adjacent to the contact and the Fermi energy of the contact, which is the 
redox couple’s formal redox potential with respect to vacuum. Most formal redox potentials are 
given with respect to the saturated calomel electrode (SCE). SCE is 4.67 eV below the vacuum 
level so formal redox potentials vs. SCE are converted to the formal redox potentials vs. vacuum 
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by adding 4.67 eV [3.9], [3.10]. Then, the contact potential is set as the difference between the 
electron affinity of the semiconductor and the formal redox potential of the electrolyte. 
 For this work, electron transfer rates at any semiconductor/redox couple interface were 
ignored on the assumption of facile electron transfer. Thermionic emission and field-enhanced 
thermionic emission were the only interfacial transfer rates considered. Currently, wxAMPS does 
not consider the electrochemical effects that can make a semiconductor/liquid junction behave 
differently than a Schottky junction. However, wxAMPS can be modified to handle system-
specific interfacial transport kinetics. For example, Maldonado et al. simulated charge transfer 
between p-GaP photoelectrodes and six triphenyl dyes by reformulating the boundary conditions 
in wxAMPS to incorporate GaP-to-dye charge transport kinetics [3.11]. This version of wxAMPS 
was used to evaluate device performance and various operational features of p-GaP 
photoelectrodes [3.11]. Both the standard and modified version of wxAMPS are insufficient for 
modeling sluggish kinetics, but an adequate simulation for this work was achieved by treating the 
semiconductor-liquid junction as a solid-state Schottky junction. 
 
3.2.3 Defect Model 
 Defects are added into a material by the user as donor-like or acceptor-like states with 
discrete, banded, or Gaussian distributions. wxAMPS determines the number of electrons and 
holes in the defect levels by modeling carrier movement into and out of defect sites by the 
Shockley-Read-Hall (SRH) capture, emission, and recombination mechanisms. The SRH model 
calculates the probability of trapping, detrapping, or recombination in defect sites based on input 
parameters such as defect energy, defect density, and capture cross-section for electrons and holes. 
The number of trapped electrons and holes in all defects is incorporated in the model as the values 
of nt and pt in Equation 1 while the number of carriers recombining is incorporated in the value of 
R(x) in Equations 2 and 3. 
 
3.2.4 Open-Circuit Photovoltage 
      Open-circuit photovoltage, Voc, is an especially important property of a 
semiconductor/liquid junction because it represents the maximum energy that can be obtained 
from the collection of photons to drive a chemical reaction. Voc is defined as the voltage across the 
device when the net current is zero. This voltage is determined by the generation rates, 
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recombination rates, and charge transport of carriers throughout the semiconductor. In the absence 
of deleterious surface effects, bulk recombination processes will define an upper limit on Voc 
described quantitatively by [3.12] 
 
𝑉𝑜𝑐 =
𝑘𝑇
𝑞
ln (
𝐽𝑝ℎ𝐿𝑛
𝑞𝑁𝑐𝐷𝑁
) + (
1
𝑞
) 𝐸𝑔 − 𝑉𝑝   (10) 
 
where Jph is the photocurrent density, Ln the minority carrier diffusion length, DN the diffusion 
coefficient, Nc the effective density of states in the conduction band, and Vp the difference in 
energy between the Fermi and valence band energy in the bulk. A similar expression can be derived 
for an n-type semiconductor. Jph in Equation 10 is equal to the photocurrent due to direct and 
indirect bulk recombination, 𝐽𝑏𝑟, which can be determined by Equation 11 [3.12] 
 
𝐽𝑝ℎ = 𝐽𝑏𝑟(𝑉) = 𝑞𝑁𝑐
𝐷𝑛
𝐿𝑛
exp (−
𝐸𝑔−𝑞𝑉𝑝
𝑘𝑇
)(exp (
𝑞𝑉
𝑘𝑇
) − 1)  (11) 
 
A Voc less than the upper limit of Equation 10 may be a result of poor diffusion lengths in the 
semiconductor, thermionic emission over or tunneling across the surface barrier, transport through 
low barrier chemical imperfections, surface/interface recombination, or Fermi level pinning [3.12], 
[3.13].  
 In wxAMPS, Voc is calculated by simulating photocurrent versus voltage for a specified 
potential range under a simulated AM 1.5 solar spectrum. Simulated photocurrent versus voltage 
curves are shown for p-type (Figure 3.2a) and n-type (Figure 3.3a) silicon electrodes in contact 
with a -1.0 V vs. SCE and 1.0 V vs. SCE redox couple, respectively. These formal redox potentials 
result in well behaved Schottky junctions that provide the maximum obtainable photovoltage for 
the electrode. The energy band diagrams calculated by wxAMPS for p-Si(111) in contact with 
a -1.0 V vs. SCE redox couple at 0 V applied bias and at the Voc are shown in Figure 3.2 b and 3.2 
c, respectively. A Schottky junction with downward band bending is formed at the p-Si/liquid 
contact. At 0 V applied bias electrons move left into the redox couple while holes move right into 
the back contact resulting in cathodic photocurrent. As forward bias is applied to the electrode, the 
magnitude of band bending decreases until the Voc is reached at which point the number of 
electrons moving left exactly balances the holes moving right (indicated by flat quasi-fermi levels) 
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and the net photocurrent is zero. The energy band diagrams calculated by wxAMPS for n-Si(111) 
in contact with a +1.0 V vs. SCE redox couple at 0 V applied bias and at the Voc are shown in 
Figure 3.3 b and 3.3 c, respectively. Analogous behavior is seen with n-Si(111) as with p-Si(111) 
except that the Schottky barrier results in upward band bending. Initially, electrons move right 
while holes move left providing net anodic photocurrent until enough bias is applied for the 
photocurrent to become zero. 
 
3.2.5 Field-Enhanced Thermionic Emission 
      Charge carriers may conduct across a potential-energy barrier by a thermally excited 
charge emission process known as thermionic emission. The thermionic emission current density 
(JTE) is described by [3.14] 
 
         𝐽𝑇𝐸 = 𝐴
∗𝑇2exp (− 
𝑞Φ𝑏
𝑘𝑇
)                   (12) 
 
where A* is the effective Richardson’s constant, T is temperature, q is the charge of an electron, k 
is the Boltzmann’s constant, and Φ𝑏 is the effective Schottky barrier height. The presence of a 
strong electric field at the potential-energy barrier may lower the effective Schottky barrier height 
by an amount ∆Φ𝑏 resulting in a field-enhanced thermionic emission current (JFETE) described by 
[3.14] 
 
     𝐽𝐹𝐸𝑇𝐸 = 𝐴𝑇
2exp (−
𝑞(Φ𝑏−∆Φ𝑏)
𝑘𝑇
)   (13) 
      ∆Φ𝑏 = √
𝑞3𝐹
4𝜋𝜀𝑜
     (14) 
 
where F is the magnitude of the electric field and 𝜀𝑜 is the vacuum permittivity. 
 
3.3 Density Functional Theory 
 Density functional theory (DFT) is a first-principles, quantum mechanical model widely 
used in the field of computational materials science. DFT is used to investigate the electronic 
structure of a system by solving the many-body Schrödinger equation, 𝐻𝜓(𝑟𝑖 ⃗, 𝑅𝑗⃗⃗  ⃗) = 𝐸𝜓(𝑟𝑖 ⃗, 𝑅𝑗⃗⃗  ⃗) to 
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yield the total energy of the system (E), where H is the Hamiltonian operator and 𝜓 is the 
wavefunction as a function of the coordinates of electrons, 𝑟𝑖 ⃗, and nuclei, 𝑅𝑗⃗⃗  ⃗, of the system. The 
accuracy of DFT is limited by the exchange-correlation functional chosen to represent the spatial 
dependence of the electron density due to the semi-local and approximate nature of functionals. 
However, if DFT is used to calculate the energy difference between various system instead of the 
absolute energy of a single system, errors in the exchange-correlation functional are canceled and 
DFT leads to reliable results.  
 DFT was utilized in this work to calculate the interfacial dipole of functionalized 
semiconductors. Previous computational studies using DFT have been performed to understand 
the electronic properties of functionalized Si(111) surfaces [3.15], [3.16], [3.17]. Additionally, 
Lewis and Galli et al. undertook a combined theoretical and experimental study of the surface 
potential shift as a function of the organic group and coverage on Si(111) using both DFT and 
many-body perturbation theory (MBPT) [3.18]. It was found that MBPT is far superior to DFT at 
calculating the absolute value of the surface dipole; however, DFT is sufficient for calculating 
trends in the surface dipole for various adsorbate types and coverages.  
  
3.3.1 Surface Dipole Calculations 
 A method for using density functional theory to predict the interfacial dipole of 
functionalized surfaces was developed.  The approach was demonstrated by calculating the 
interfacial dipole as a function of coverage of 3,4,5-trifluorophenylacetylenyl (TFPA) moieties on 
Si(111) for both mixed methyl/TFPA and mixed chlorine/TFPA terminated surfaces. This section 
describes the methods used to calculate the surface dipole and visualize the charge redistribution. 
 Surface functionalization may result in the establishment of an interfacial dipole due to an 
asymmetric distribution of charge between the substrate and the attached molecules. The surface 
dipole was calculated here using a procedure called “nanosmoothing” in which the microscopic 
oscillations in the electrostatic potential are smoothed out [3.19]. This procedure separates the 
surface effects from the periodic, atomic-scale oscillations in the electrostatic potential occurring 
in the bulk and provides a numerical value of the surface dipole, reported here in units of 
Debye/site, where site refers to the number of surface lattice sites in the unit cell. In this work, a 
positive surface dipole is defined as a dipole moment in which the organic moiety has a partial 
negative charge relative to bulk silicon (Siδ+-Rδ-). A negative surface dipole is defined as a dipole 
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moment in which the organic moiety has a partial positive charge relative to bulk silicon (Siδ--Rδ+). 
 
3.3.2  Charge and Electron Redistributions 
 The charge rearrangement that takes place at the silicon surface due to functionalization 
can be visualized qualitatively by plotting a charge density difference isosurface. The charge 
density difference, ∆𝜌, is defined by Equation 15 
 
∆𝜌 = 𝜌𝑡𝑜𝑡𝑎𝑙 − (𝜌𝑆𝑖 + 𝜌𝑚𝑜𝑖𝑒𝑡𝑖𝑒𝑠)    (15) 
 
where 𝜌𝑡𝑜𝑡𝑎𝑙 is DFT-computed electronic charge density of the fully-relaxed surface under 
consideration. 𝜌𝑆𝑖 is the DFT-computed electronic charge density of a hypothetical state of the 
isolated Si in vacuum (moieties removed) frozen in the geometry from the relaxed total surface. 
𝜌𝑚𝑜𝑖𝑒𝑡𝑖𝑒𝑠 is the DFT-computed electronic charge density of the isolated moieties in vacuum (Si 
atoms removed) frozen in the geometry from the relaxed total surface. To obtain a quantitative 
understanding of the charge rearrangement Bader population analysis of the charge and electron 
distribution was performed [3.20]. 
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3.4 Figures 
 
Figure 3.1: Schematic of the two computational tools utilized in this thesis. By combining density 
functional theory with solar cell device simulations achieves a multi-scale device model ranging 
from the atomic to the micron scale. 
 
 
 18 
    
 
Figure 3.2: (a) Simulated photocurrent versus applied voltage curve for a p-Si(111) electrode in 
contact with a redox couple with a formal redox potential of -1 V vs. SCE and 1.5 AM illumination. 
(b) Simulated band diagram for a p-Si(111) electrode at 0 V applied bias and 1.5 AM illumination. 
(c) Simulated band diagram for a p-Si(111) electrode at an applied bias equivalent to the open-
circuit potential and 1.5 AM illumination. The contact potential is defined as the formal redox 
potential relative to vacuum. Image taken, with permission, from [3.10]. 
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Figure 3.3: (a) Simulated photocurrent versus applied voltage curve for a n-Si(111) electrode in 
contact with a redox couple with a formal redox potential of +1 V vs. SCE and 1.5 AM 
illumination. (b) Simulated band diagram for a n-Si(111) electrode at 0 V applied bias and 1.5 AM 
illumination. (c) Simulated band diagram a n-Si(111) electrode at an applied bias equivalent to the 
open-circuit potential and 1.5 AM illumination. The contact potential is defined as the formal 
redox potential relative to vacuum. Image take, with permission, from [3.10]. 
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CHAPTER 4 
ORGANIC FUNCTIONALIZATION 
 
 In this chapter, the effect of organic functionalization on charge transfer across a 
semiconductor surface is investigated using the multiscale modeling approach described in the 
previous chapter. First, it was concluded using wxAMPS that the predominant effect due to organic 
functionalization is the establishment of an interfacial dipole. Then, density functional theory was 
used to predict the magnitude of interfacial dipole due to an arbitrary functionalization. By 
combining the two levels of theory allows us to suggest potential candidate molecules that may 
improve photoelectrode performance.3 
 
4.1  Introduction 
 Si(111) electrodes are ideal substrates for organic functionalization due to the well-defined 
structural properties of the H-terminated surface [4.1]. However, Si(111)-H oxidizes in air within 
minutes, which is impractical for device applications [4.2]. Lewis and coworkers have shown that 
an equally well-defined CH3-terminated surface resistant to oxidation can be synthesized from 
Si(111)-H using a two-step chlorination/alkylation reaction [4.3]. Also, mixed CH3 and Si(111)- 
CH2(CH)xCH2 surfaces show similar oxide resistance as Si(111)-CH3 suggesting that Si-C atop 
bonding is required for surface stability [4.4]. Despite identical structural properties between 
hydrogen and methyl/alkyl terminated surfaces, Si(111)-H has superior electrical properties yet 
the reasoning is poorly understood. Therefore, an organic molecule that will "behave" 
electronically like hydrogen but maintain Si-C atop bonding is required to synthesis a high-
performance electrode. Before such an organic molecule can be suggested the difference in 
electrical properties between Si(111)-H and Si(111)-CH3 must be understood. 
 
4.2 Model Development 
 The difference in device performance of Si(111)-H versus Si(111)-CH3 electrodes was 
                                                     
3 3 Sections of this chapter are  
(1) Reproduced with permission from J. Electrochem. Soc. 163, H698, 2016. Copyright 2016, The 
Electrochemical Society. 
(2) Reprinted with permission from J. Phys. Chem. C. 121 (21), 11312-11318, 2017. Copyright 2017, American 
Chemical Society. 
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studied by Lewis et al. by observing how the Voc for p and n-Si(111) electrodes changes in contact 
with a series of redox couples in CH3CN-1.0 M LiClO4 [4.5]. A reproduction of their experimental 
data including simulated fits from the present study are shown in Figure 4.1. n-Si(111)-CH3 
electrodes have higher Voc values than n-Si(111)-H while p-Si(111)-CH3 electrodes have lower 
Voc values than p-Si(111)-H. In their work, Lewis et al. proposed three charge transfer mechanisms 
that may affect the performance of these functionalized surfaces: a change in surface 
recombination rate, Fermi level pinning, or a shift in interfacial dipole [4.5]. A change in the 
interfacial dipole was hypothesized to be the dominant mechanism resulting in the observed trend 
in Voc [4.5]. To validate this hypothesis, all three charge transfer mechanisms were simulated using 
wxAMPS. 
 To model the effect of different magnitudes of surface recombination on Voc, three different 
defect concentrations were simulated: 1x1020 cm-3, 4x1020 cm-3, and 8x1020 cm-3. The results are 
shown in Figure 4.2 a.  The onset potential for the drop in Voc occurred at -0.5 ± 0.25 V vs. SCE 
and 0.5 ± 0.25 V vs. SCE for p and n-Si(111), respectively, regardless of the defect concentration 
in the defect layer. However, as recombination increased the Voc was reduced at all redox formal 
potentials vs. SCE, which does not reflect the experimental observation. To model the effect of 
Fermi level pinning on Voc, defects were added into the defect layer with a larger density than that 
used to model surface recombination. This resulted in the Fermi level pinning to the defect energy 
instead of the formal redox potential of the contact in addition to recombination at the defects. As 
seen in Figure 4.2 b, with Fermi level pinning the Voc remained constant for Si(111) electrodes 
regardless of the redox formal potential vs. SCE, which does not reflect the experimental 
observation. 
 Finally, the effect of an interfacial dipole was modeled by modifying the input value for 
the electron affinity of Si to reflect the magnitude of a surface dipole established by either -H 
or -CH3 functionalization. The interfacial dipole established by Si(111)-H and Si(111)-CH3 
bonding is known to affect the electronic structure of the surface by modifying the electron affinity 
[4.1]. Non-functionalized silicon has an electron affinity of 4.05 eV; setting the electron affinity 
>4.05 eV represents a negative surface charge relative to the bulk, while setting the electron 
affinity <4.05 eV represents a positive surface charge. The results are shown in Figure 4.2 c. As 
the electron affinity increased, the onset for a reduction in Voc occurred at a more positive redox 
formal potential vs. SCE for both p and n-Si(111) electrodes. However, regardless of the dipole 
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shift, the same Voc was obtained at very negative and positive redox formal potentials vs. SCE for 
p and n-Si(111) electrodes, respectively, which reflects the experimental observation. The lower 
Voc obtained for n-type silicon versus p-type silicon is due to the different magnitudes of doping.  
 The simulations imply that the predominant effect responsible for the observed 
experimental trend in Voc and consequently organic functionalization is the establishment of an 
interfacial dipole. However, before suggestions for improvements can be made, it is critical to 
investigate the charge transfer mechanism and correlate the sign of the dipole with the efficiency 
of the electrode. 
 
4.3 Charge Transfer Limitation 
 The shape of the simulated fits shown in Figure 4.1 and 4.2 c for Voc versus formal redox 
potential vs. SCE can be explained by separating the values of Voc for both n and p-type Si(111) 
into three regimes that represent the three parts of the “S” shape fit. Case (1) is where the Voc 
saturates to its maximum value at very positive and negative values of formal redox potential vs. 
SCE for n and p-type Si(111), respectively.  Case (2) covers a range of intermediate Voc values 
between the two extremes. Case (3) is where the Voc is negligible at very negative or positive 
values of formal redox potential vs. SCE for n and p-type Si(111), respectively.  
 The origin of the three regimes can be explained by comparing the simulated band 
diagrams for H-terminated (or –CH3 terminated) n and p-Si(111) electrodes in contact with redox 
couples that have formal redox potentials of -0.5 V, 0 V, and +0.5 V vs. SCE. The results are 
shown in Figure 4.3 and 4.4 for n-Si(111) and p-Si(111), respectively. In case 1, both n and 
p-Si(111) electrodes form a Schottky barrier against the redox solution with a barrier height 
approximately equal to the band gap. Because the barrier height can never be greater than the band 
gap, a change in the energy of the electrolyte contact has no impact on the barrier height or the 
Voc. With this large of a barrier, thermionic emission is negligible and the Voc is equal to the 
diffusion limit defined by Equation 10. In case 2, with a midgap electrolyte contact, the barrier 
becomes smaller than the band gap. As the barrier becomes smaller, thermionic emission is 
increased exponentially as described by Equation 12, which leads to a lower Voc than the diffusion 
limit. In case 3, the barrier against thermionic emission is insufficient to overcome bulk 
recombination resulting in a negligible Voc and an ohmic contact is formed. 
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 As seen in Figure 4.1, in case 2 of intermediate Voc values n-Si(111)-CH3 electrodes have 
a higher Voc than n-Si(111)-H while p-Si(111)-CH3 electrodes have a lower Voc than p-Si(111)-H. 
Figures 4.5 shows the simulated I-V curves and band diagrams for a n-Si(111)-CH3 and a 
n-Si(111)-H electrode in contact with a formal redox potential of 0 V vs. SCE. Functionalizing 
n-Si(111) with a methyl group results in a higher barrier to thermionic emission and an increased 
depletion width than a hydrogen group as indicated by the 0.3 eV increase in the conduction band 
edge energy of n-Si(111)-CH3 compared to n-Si(111)-H. The 0.3 eV increase in barrier height is 
equivalent to the magnitude of a negative shift in the interfacial dipole, which increases the Voc of 
n-Si(111)-CH3 electrodes relative to n-Si(111)-H. Figure 4.6 shows the simulated I-V curves and 
band diagrams for a p-Si(111)-CH3 and p-Si(111)-H in contact with a formal redox potential of -0.5 
V vs. SCE. Functionalizing p-Si(111) with a hydrogen group results in a higher barrier to 
thermionic emission and increased depletion width than functionalizing p-Si(111) with a methyl 
group as indicated by the 0.4 eV increase in the valence band edge energy of p-Si(111)-CH3 
compared to p-Si(111)-H. The 0.4 eV increase is equivalent to the magnitude of a positive shift in 
the interfacial dipole, which increases the Voc of p-Si(111)-H electrodes relative to  p-Si(111)-CH3. 
 The simulation results suggest that thermionic emission due to low barrier heights and 
decreased depletion widths limits the Voc in functionalized Si(111) devices. To further improve 
the performance of functionalized Si(111) an organic group with a more negative dipole than -CH3 
is required for n-Si(111) while an organic group with a more positive dipole than -H is required 
for p-Si(111). To predict potential candidates for functionalization, density functional theory 
calculations of the interfacial dipole of organic groups attached to Si(111) are required. 
 
4.4 Model Predictions 
4.4.1  Calculating a Surface Dipole Using Density Functional Theory 
 A method for predicting the magnitude and direction of the interfacial dipole of a 
functionalized surface using first principles density functional theory calculations is described. To 
develop the approach, the interfacial dipole as a function of coverage of 3,4,5-
trifluorophenyacetylenyl (TFPA) moieties on Si(111) was calculated for both mixed methyl/TFPA 
and mixed chlorine/TFPA terminated surfaces. Units cells for the case of 25% TFPA coverage for 
both surface types are shown in Figure 4.7. The calculated trends are consistent with previously 
published experimental data. 
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 A positive surface dipole is defined as a dipole moment in which the silicon has a partial 
positive charge while the organic moiety has a partial negative charge. In principle, a fully 
terminated Si-Cl surface will have a more positive dipole than the fully terminated Si-CH3 surface 
due to the electronegativity difference between the two moieties. Adding TFPA to the surface 
induces an even more positive dipole moment because TFPA has a large, positive molecule dipole 
moment of 2.45 Debyes due to the three C-F bonds at the top of the phenyl ring oriented with a 
significant portion of the dipole moment normal to the surface. 
 The surface dipole shifts relative to H-terminated Si(111) as a function of the fractional 
surface coverage of TFPA moieties (θTFPA) for Si-Cl/TFPA and Si-CH3/TFPA are shown in Figure 
4.8 a as red hollow squares and black solid squares, respectively. The magnitude of the shifts are 
reported in units of Debye/site and are normalized by the number of surface lattice sites in the unit 
cell used during the calculation. The calculated surface dipole shifts for 100% chlorine and 100% 
methyl-terminated surfaces, plotted at θTFPA = 0.0 ML, are +0.37 Debye/site and -0.29 Debye/site 
for Si-Cl/TFPA and Si-CH3/TFPA, respectively, which are within 0.01 eV of previous theoretical 
calculations by Galli et al [4.7]. The surface dipole shift for a 100% TFPA-terminated surface is 
plotted at θTFPA = 1.0 ML. For both surface types the surface dipole shift becomes more positive 
than Si-Cl or Si-CH3, respectively, as θTFPA increases, which indicates a stronger induced negative 
charge on the surface. The surface dipole is more positive for Si-Cl/TFPA than Si-CH3/TFPA for 
all coverages. Plymale et al. observed this same increase in dipole as a function of θTFPA from J-V 
and Cdiff-V data for n- and p-Si-CH3/TFPA/Hg junctions [4.6]. In addition, Plymale et al. observed, 
using photoelectrochemical measurements in CH3CN, that n-Si-Cl/TFPA samples exhibited a 
greater shift in the open circuit potential (Eoc) than n-Si-CH3/TFPA samples [4.6]. They attributed 
this behavior to residual –Cl sites on n-Si-Cl/TFPA contributing to the positive shift in the band-
edge position [4.6], which agrees with the trends present in our DFT calculations.  
 Expected dipole shifts that incorporate depolarization effects but neglect lateral 
interactions between TFPA and CH3/Cl are included in Figure 4.8 a between the data points at 
θTFPA = 0.0 ML and θTFPA = 1.0 ML for the Si-Cl/TFPA (red dashed line) and Si-CH3/TFPA (black 
solid line) surfaces. These shifts were quantified by calculating the surface dipole of only TFPA 
or CH3/Cl as a function of coverage of the single moiety on Si(111). Then, the expected total dipole 
in the absence of interactions between different moieties was obtained by summing the isolated 
contribution of each species. The actual dipole shifts calculated for the mixed monolayers (red 
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hollow squares and black solid squares) deviate from the expected dipole shifts that neglect lateral 
interactions and the magnitude of deviation (pinteraction) is shown in Figure 4.8 b. The amount of 
dipole due to lateral interactions peaks at about θTFPA = 0.25-0.30 ML for both surfaces and the 
interactions between -TFPA and -CH3 are larger than the interactions between -TFPA and -Cl 
across all coverages. These results suggest that when functionalizing surfaces with mixed 
monolayers, it is important to consider the interactions between neighboring moieties when 
engineering the magnitude of surface dipole. 
 To visualize where the interactions are occurring between –CH3/Cl and -TFPA, the charge 
density difference isosurfaces for Si-CH3/TFPA and Si-Cl/TFPA at θTFPA = 0.25 ML were plotted. 
As shown in Figure 4.9 a and 4.9 d (left panels) the interactions are occurring via hydrogen bonding 
and hydrogen-𝜋 interactions for Si-Cl/TFPA and Si-CH3/TFPA, respectively. On the Si-Cl/TFPA 
surface the bonding occurs between the chlorines and the hydrogens on the 3,5 positions of 
aromatic ring. On the Si-CH3/TFPA surface the hydrogen-𝜋 interactions occur between the 
hydrogens in the methyl group and the triple carbon bond on TFPA.  
 To quantify the amount of charge extracted from Si-Cl/TFPA and Si-CH3/surfaces, Bader 
population analysis was performed. The results are shown in Figure 5 b and 5 e (middle panels) 
for Si-Cl/TFPA and Si-CH3/TFPA, respectively, where a positive charge indicates a loss of 
electrons while a negative charge indicates a gain of electrons. In addition to the mixed surfaces, 
Bader analysis was also performed for the 100%–Cl, -CH3, and –TFPA terminated surfaces. The 
results revealed that approximately one electron is extracted per -Cl, -CH3, or –TFPA group 
regardless of if the functional group is on a mixed or pure surface. Therefore, the increase in dipole 
observed for the mixed compositions is not due to an increase in the total number of electrons 
extracted from the bulk Si but instead is due to charge rearrangement within the functional groups.  
 The charge rearrangement obtained from Bader analysis due to interactions 
between -Cl/CH3 and -TFPA is shown schematically in Figure 4.9 c and 4.9 f (right panels). In the 
case of Si-CH3/TFPA, the two hydrogens on the methyl group that are closest to the TFPA 
molecule donate charge to the triple carbon bond, which redistributes charge in a way that aligns 
in the same direction as the total positive dipole. In the case of Si-Cl/TFPA (Figure 4.9 c), the 
hydrogens donate charge to the chlorines followed by charge redistribution from carbon-4 to 
carbon-3,5 as indicated by the +0.33 charge on carbon-4 in Figure 4.9 b. This charge redistribution 
creates a dipole between carbon-4 and carbon-7 that aligns in the opposite direction as the total 
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positive dipole, which explains the smaller induced dipole due to interactions observed on the Si- 
Cl/TFPA surface relative to Si-CH3/TFPA.  
 These results suggest that density functional theory is sufficient for calculating the 
magnitude and direction of the surface dipole on a functionalized semiconductor. The effect of the 
chemistry of mixed surface functionalizations can be captured by calculating the theoretical trends 
in surface dipole with composition and coverage of the functionalization using DFT. Additionally, 
neighboring moieties on Si(111) surfaces have been found to be close enough to have significant 
interactions that influence the total magnitude of the surface dipole. Therefore, it is necessary to 
consider the chemical make-up of all surface sites when performing DFT calculations on Si(111) 
surfaces or semiconductors with similar or smaller lattice site spacing. 
 
4.4.2 Quantifying a Surface Dipole using wxAMPS 
 The magnitude of a surface dipole can be quantified using wxAMPS by fitting 
experimental data. The magnitude of surface dipole for Si(111)-CH3 and Si(111)-H was 
approximated using the data shown in Figure 4.1. The blue and red solid and dashed lines are the 
simulated fits calculated from wxAMPS while blue squares and red circles represent the 
experimental data. The electron affinity of Si was modulated until the calculated trend in Voc versus 
redox formal potential vs. SCE matched the experimental data. An electron affinity of 4.2, 3.8, 
4.1, and 3.8 eV provided the best fit for p-Si(111)-H, p-Si(111)-CH3, n-Si(111)-H, and 
n-Si(111)-CH3, respectively. The results predict a dipole shift between -H and –CH3 terminated 
Si(111) of -0.4 eV for p-Si(111) electrodes and a -0.3 eV for n-Si(111) electrodes. We do not 
conclude that the 0.1 eV difference between p-Si(111) and n-Si(111) is significant, due to the level 
of experimental error in the data that was fit. Therefore, we predict a surface dipole shift of -0.3 ± 
0.05 eV between -H and –CH3 terminated Si(111) electrodes. The dipole shift between –CH3 and 
–H terminated Si(111) in contact with octamethylferrocene-CH3CN-1.0 M LiClO4 was determined 
experimentally to be -0.4 V and -0.25 V for n and p-Si(111), respectively, using impedance 
spectroscopy [4.5], which is in good agreement with the reported values using wxAMPS.  
 
4.4.3 Integrating Density Functional Theory Dipole Calculations with wxAMPS 
 DFT calculations provide the magnitude and direction of a surface dipole, but the DFT 
results must be integrated with wxAMPS to predict the electrode performance due to that 
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functionalization. The performance of an arbitrary functionalization, Si(111)-R, can be simulated 
using wxAMPS by calculating the I-V curves and open-circuit voltage; however, an input value 
for the electron affinity that represents the dipole of the arbitrary functionalization, 𝜒𝑅 , is required. 
For p-type Si(111), the absolute value of the electron affinity of Si(111)-H, 𝜒𝐻, was found to be 
4.2 eV using wxAMPS. Because all DFT dipole calculations in this work are reported with respect 
to the Si(111)-H surface, 𝜒𝐷𝐹𝑇: 𝑅 𝑤𝑟𝑡 𝐻, the appropriate input value to be used in wxAMPS for the 
arbitrary functionalization can be calculated as  
 
      𝜒𝑅 = 𝜒𝑅𝑤𝑟𝑡𝐻:𝐷𝐹𝑇 + 𝜒𝐻(4.2 eV)    (16) 
 
The dipole shifts calculated from DFT with respect to hydrogen must be converted from Debyes 
to eV before used in Equation 16. 
 To demonstrate the approach, the surface dipole shift with respect to Si(111)-H was 
calculated using DFT for 12 different arbitrary functionalizations as shown in Figure 4.10 a. Then, 
the electron affinity of the functionalization was calculated using Equation 16 followed by 
simulating the open-circuit voltage for that value of electron affinity using wxAMPS. Figure 4.10 
b shows the wxAMPS calculated Voc on p-type Si(111) versus the DFT computed dipole shifts 
with respect to Si(111)-H. This plot shows that beyond a dipole shift of ~0.5 Debyes, the Voc does 
not increase, and hence, device performance does not improve. This saturation occurs because 
beyond this point thermionic emission is negligible and the Voc is equal to the diffusion limit 
defined by Equation 10. Hence, all the molecules above ~0.5 Debyes with respect to Si(111)-H in 
Figure 4.10 a will maximize device performance for p-type Si(111).  
 Using only a first-principles approach would lead us to naively assume that all functional 
groups causing a more positive shift relative to the hydrogen terminated surface will improve 
device performance for p-Si(111). However, combining DFT and wxAMPS allows us to not only 
discover new functional groups, but also evaluate the resulting device performance in a realistic 
manner. This is critical to help guide the experimentalist, because our combined DFT-wxAMPS 
approach suggests that experimentalists can choose any of the functional groups with a dipole shift 
above ~0.5 Debyes in Figure 4.10 a to obtain maximum device performance. This gives the 
experimentalists the freedom to select the cheapest and easiest to synthesis molecules from a batch 
of candidate options. 
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4.5 Model Capabilities 
 The study described in this chapter has shown that wxAMPS is adequate for determining 
the dominant charge transfer mechanism in a system. For example, it was established that the effect 
of organic functionalization on the electrical properties of a semiconductor surface is the formation 
of a dipole and not surface recombination or fermi level pinning. Next, the study has shown that 
DFT is an adequate tool for calculating shifts in the magnitude and direction of the surface dipole 
for any arbitrary functionalization relative to a known standard. DFT can capture the effects of 
mixed monolayers and lateral interactions between different neighboring organic groups. Lastly, 
by combing wxAMPS and DFT as a multiscale device model the performance of a photoelectrode 
functionalized with an arbitrary organic group and be accurately predicted. 
 
 
4.6  Figures 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: A comparison of open-circuit voltage versus redox formal potential vs. SCE for 
p-Si(111)-CH3 (dashed blue line/hollow blue squares), p-Si(111)-H (solid blue line/solid blue 
squares), n-Si(111)-CH3 (dashed red line/hollow red circles), and n-Si(111)-H (solid red line/solid 
red circles) electrodes in CH3CN-1.0 M LiClO4. The squares and circles represent experimental 
data from Lewis et al. while the solid and dashed lines represent simulation results from the present 
study [1]. The numbers in the legend are the input values for the electron affinity of bulk Si used 
during the simulations, which represents the magnitude of the interfacial dipole. Image taken, with 
permission from [4.8]. 
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Figure 4.2: Simulations showing the effect of (a) surface recombination, (b) Fermi level pinning, 
and (c) interfacial dipole on the correlation between the open circuit voltage versus redox formal 
potential vs. SCE for p-Si(111) and n-Si(111) electrodes. The numbers in the legend of Figure 4a 
are the input values for the density of defects in the interfacial layer used to simulate 
recombination. The numbers in the legend of Figure 4c are the input values for the electron affinity 
of bulk silicon. Image taken, with permission, from [4.8]. 
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Figure 4.3: Photocurrent versus voltage curves (a) and energy band diagrams (b) of n-Si(111)-H 
in contact with  +0.5 V vs. SCE redox potential which represents case 1 where the Voc saturates, 
0.0 V vs. SCE redox potential which represents case 2 of an intermediate Voc, and -0.5 V vs. SCE 
redox potential which represents case 3 of a negligible Voc.  The approximate depletion widths for 
the three cases are 0.5 µm, 0.35 µm, and 0.05 µm for a, b, and c respectively. For n-Si(111), the 
+0.5 V vs. SCE redox couple establishes the best Schottky barrier which results in the maximum 
Voc. Image, taken with permission, from [4.8]. 
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Figure 4.4: Photocurrent versus voltage curves (a) and energy band diagrams (b) of p-Si(111)-H 
in contact with  -0.5 V vs. SCE redox potential which represents case 1 where the Voc saturates, 
0.0 V vs. SCE redox potential which represents case 2 of an intermediate Voc, and +0.5 V vs. SCE 
redox potential which represents case 3 of a negligible Voc.  The approximate depletion widths for 
the three cases are 0.5 µm, 0.35 µm, and 0.05 µm for a, b, and c respectively. For p-Si(111), the -
0.5 V vs. SCE redox couple establishes the best Schottky barrier which results in the maximum 
Voc. Image, taken with permission, from [4.8]. 
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Figure 4.5: Photocurrent versus voltage curves (a) and energy band diagrams (b) for n-Si(111)-CH3 
and n-Si(111)-H in contact with a redox couple with a formal electrode potential of 0V vs. SCE. 
The approximate depletion widths are 0.5 µm and  0.3 µm for n-Si(111)-CH3 and n-Si(111)-H. 
respectively. For n-Si(111), the methyl-terminated surface establishes a better Schottky barrier 
against the redox which enhances the Voc of the CH3-terminated surface relative to the H-
terminated. Image, taken with permission, from [4.8]. 
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Figure 4.6: Photocurrent versus voltage curves (a) and energy band diagrams (b) for p-Si(111)-CH3 
and p-Si(111)-H in contact with a redox couple with a formal electrode potential of -0.5V vs. SCE. 
The approximate depletion widths 0.1 µm and 0.15 µm for p-Si(111)-CH3 and p-Si(111)-H, 
respectively. For p-Si(111), the H-terminated surface establishes a better Schottky barrier against 
the redox which enhances the Voc of the H-terminated surface relative to the CH3-terminated. 
Image, taken with permission, from [4.8]. 
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Figure 4.7: Relaxed unit cells at 𝜃TFPA = 0.25 surface coverage of TFPA for (a) side view of Si-
Cl/TFPA and (b) side view of Si-CH3/TFPA. The dark blue, brown, grey, green, and light blue 
atoms represent silicon, carbon, hydrogen, chlorine, and fluorine, respectively. The surface is a 
[111] plane. Image, taken with permission, from [4.9]. 
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Figure 4.8: (a) Surface dipole shifts relative to Si(111)-H as a function of the fractional surface 
coverage of TFPA (θTFPA) for both Si-Cl/TFPA (red hollow squares) and Si-CH3/TFPA (black 
solid squares). Dipole values reported as Debye/site where site is the number of surface lattice 
sites in the unit cell configuration. The dipole for 100% Cl- and 100% CH3-terminated surfaces 
are plotted at θTFPA=0 for Si-Cl/TFPA and Si- CH3/TFPA, respectively. The dipole shift for a 100% 
TFPA-terminated surface is plotted at θTFPA=1. For both surfaces the dipole shift becomes more 
positive as θTFPA increases, which indicates a stronger induced positive dipole on the surface. The 
red dashed and black solid lines represent the expected total surface dipole shift if depolarization 
effects are considered while lateral interactions are neglected (b) The magnitude of the surface 
dipole shift due to lateral interactions (pinteraction) between –Cl/TFPA and –CH3/TFPA are 
represented by the red hollow squares and black solid squares, respectively. pinteraction was 
quantified as the deviation of the total surface dipole shifts from the expected surface dipole shifts 
that neglect lateral interactions as shown in panel (a). Image, taken with permission, from [4.9]. 
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Figure 4.9: Comparison of (a,d) the charge density difference isosurfaces, (b,e) Bader analysis, 
and (c,f) electronic charge redistribution upon interactions between neighboring moieties for Si-
Cl/TFPA and Si-CH3/TFPA at θTFPA=0.25, respectively. The red and yellow isosurfaces are for 
charge density differences greater or less than +0.001 and -0.001 e, respectively. A positive 
isosurface difference is a gain of electrons while a negative isosurface is a loss of electrons. For 
the Bader analysis, a positive charge is a less of electrons while a negative charge is a gain of 
electrons. Image, taken with permission, from [4.9]. 
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Figure 4.10: (a) Density functional theory calculations of the surface dipole shifts with respect to 
Si(111)-H for twelve arbitrary functionalizations in Debye units. (b) Predicted open-circuit voltage 
of p-Si(111) electrodes as a function of surface dipole shift with respect to Si(1111)-H due to an 
arbitrary functionalization. 
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CHAPTER 5 
LEAKY DIELECTRIC PASSIVATION LAYERS 
 
5.1 Introduction 
 Wide-gap metal oxides are commonly used as passivation layers for photoanodes due to 
the high chemical stability of the material. These films typically act as hole-blocking layers due to 
the wide valence band offsets between the oxide and low-gap underlying semiconductor, which 
causes a decline in the photocurrent of the photoelectrode. One approach to activating hole 
transport through the dielectric is to use a thin enough film to facilitate tunneling [5.1], [5.2], [5.3] 
but in this case the film is limited to ~2 nm [5.4]. Recent studies of amorphous TiO2 grown by 
atomic layer deposition (ALD) with tetrakisdimethylamido titanium (TDMAT) as the precursor 
has shown a new type of film referred to as a "leaky" dielectric in which sufficient hole transport 
is observed through films over 100s of nanometers thick [5.5], [5.6]. However, the mechanism of 
hole conductivity is yet understood.4 
 
5.2 Model Development 
 To investigate the "leaky" dielectric transport mechanism described above, ultrathin film 
amorphous (a-TiO2) and anatase crystalline (c-TiO2) titanium dioxide layers were grown on n-
type CH3-Si(111) photoelectrodes. Varying thicknesses of TiO2 (5-60 Å) were deposited by ALD 
with TDMAT as the precursor at 150 and 240 °C, thus yielding a-TiO2 and c-TiO2, respectively. 
The photoelectrochemical response of the n-Si(111)-CH3|TiO2 electrodes as a function of TiO2 
thickness was characterized using cyclic voltammetry with ferrocene in acetonitrile. As shown in 
Fig. 5.1 a and 5.1 b, the anodic photocurrent JOX of the n-Si(111)-CH3|x-TiO2 wafers 
systematically decreased as the number of TiO2 ALD cycles increased. A c-TiO2 layer as thick as 
27 Å (80 cycles c-TiO2) still allowed a significant amount of current ~0.4 mA cm
‒2; however, 
beyond this thickness the TiO2 layer significantly blocked the hole transfer, resulting in negligible 
current as shown in Fig. 5.1 a. In contrast, the a-TiO2 layer allowed only ~0.26 mA cm
‒2 current 
passing through at a diminished thickness of 16.5 Å (50 cycles a-TiO2) as shown in Fig. 5.1 b. The 
                                                     
4 4 Sections of this chapter are  
(1) Reprinted with permission from J. Phys. Chem. C, 120 (45), 25697-25708, 2016. Copyright 2017, American 
Chemical Society. 
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ability of Pt nanoparticles (NPs) to improve hole conduction through n-Si(111)-CH3|TiO2 
electrodes was also investigated, which could be described as metal|insulator|semiconductor (MIS) 
devices. To introduce Pt-NPs on the TiO2-modified n-Si(111) semiconductor substrate, 20 cycles 
of ALD-Pt were carried out resulting in sparsely dispersed Pt nanoparticles [5.7]. The original 
cyclic voltammograms of n-Si(111)-CH3|TiO2|Pt resembled those of n-Si(111)-CH3|TiO2 shown 
in Fig. 5.1 a,b. 
 The maximum oxidation current (JOX) for all samples was determined from the peak 
current in the cyclic voltammograms. Fig. 5.2 panels a-d shows the JOX current for n-Si(111)-
CH3|TiO2 and n-Si(111)-CH3|TiO2|Pt at varying thicknesses of both c-TiO2 and a-TiO2. As shown 
in Fig. 5.2 a and 5.2 b, the photocurrent of n-Si(111)-CH3|a-TiO2 diminished at 20.6 Å (60 cycles 
of a-TiO2) and this hole conductive maximum thickness (dmax) was increased by the addition of Pt 
nanoparticles up to 45.2 Å (130 cycles of a-TiO2), analogous to the charge transfer extension in 
our previous report using Al2O3 blocking layers [5.7]. In comparison, the unplatinized crystalline 
sample of n-Si(111)-CH3|c-TiO2 exhibits a dmax of 36.3 Å (100 cycles of c-TiO2), which was 
increased to 50.5 Å (140 cycles of c-TiO2) with the addition of Pt nanoparticles. This device also 
exhibited a more gradual decrease in current over a broader range of thicknesses (20–55 Å) 
compared to the sharp decline on the platinized a-TiO2 sample (30-40 Å). [Note that the curves 
through the data in Fig. 5.2 are sigmoidal fits to the experimental results, and not the simulation 
results. Additionally, all electrodes discussed in this work show negligible electrochemical 
response under dark conditions.] 
 Theoretically, the large valence band offset between TiO2 and Si should prevent holes from 
passing through the TiO2. However, tunneling has been suggested as a possible hole conduction 
mechanism through large-gap metal oxides and demonstrated experimentally through TiO2 films 
grown by ALD on Pt UME electrodes [5.3], [5.8]. A simulation of tunneling-based hole transfer 
through the TiO2 (Pathway 1 in Fig. 5.3 a) was attempted in wxAMPS using an intraband tunneling 
mechanism [5.9]. As shown by the red dashed curve in Fig 5.3 b, the tunneling simulation results 
in an immediately and exponentially decreasing current versus TiO2 thickness: no current through 
the device is predicted for thicknesses greater than ~1 nm of TiO2 and only negligible current is 
predicted even at 0.5 nm (5 Å). These results are inconsistent with both the a-TiO2 and c-TiO2 
experimental datasets. 
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 In recent work, a-TiO2 films grown by ALD on silicon substrates [5.2], [5.6] exhibited hole 
transport through films much greater than 2 nm, which is essentially the thickness limit for 
effective hole tunneling [5.4]. Campet et al. proposed a qualitative ‘leaky dielectric’ mechanism 
to explain such behavior, in which holes transport through a defect band in the band gap of the 
wide gap material (pathway 2 in Fig. 5.3 a) [5.10]. A leaky dielectric hole transfer mechanism 
through the TiO2 layer was modeled in wxAMPS by lowering the band-gap of the TiO2 to 
approximate a low energy defect band. The simulated current versus TiO2 thickness behavior with 
the Eg set to 1.7 eV is shown in Fig. 5.3 b. The simulated behavior using a leaky dielectric model 
is consistent with both the a-TiO2 and c-TiO2 datasets in which a thickness-independent charge 
transfer regime is followed by thickness-dependent transfer. In this model, the carriers 
thermionically emit over the potential barrier at the Si-CH3|TiO2 interface, followed by drifting 
across the defect band and to the redox couple. This is in agreement with a study by Lewis et al. 
in which evidence of a semiconductor/defect-band heterojunction model of a n-Si/‘leaky’TiO2 
interface was observed using electrical, photoelectrochemical, and photoelectron spectroscopic 
techniques [5.11]. 
 
5.3  Charge Transfer Limitation 
 The shape of the simulated oxidation current versus TiO2 thickness behavior shown in 
Figure 5.3 b can be explained by separating the current into three regimes that represent the three 
parts of the sigmoidal curve. Case (1) represents the saturated oxidation current at the thickness-
independent maximum value in very thin layers of TiO2. In this regime, the flux of carriers from 
the bulk Si to the Si–CH3 surface limits the current, but not the potential barrier at the Si–CH3|TiO2 
interface. Under the conditions of case (1), the potential barrier at the Si-CH3|TiO2 interface is 
insufficient at limiting the current across the electrode given the conductivity of the relatively thin 
TiO2 and the electric field promoting hole transfer to the electrolyte. Case (2) represents an 
exponentially decreasing oxidation current versus TiO2 thickness. In this regime, the extent of 
field-assisted thermionic emission over the potential barrier at the Si–CH3|TiO2 interface limits the 
current (as described by Equations 13 and 14). Under the conditions of case (2), the increasing 
thickness of the TiO2 progressively diminishes the field to the point that holes cannot emit across 
the Si-CH3|TiO2 interface. Case (3) represents the situation of negligible oxidation current. In this 
regime, a relatively wide barrier, coupled with a low electric field disables the holes from emitting 
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across the Si-CH3|TiO2 interface. The maximum hole conduction thickness (dmax) is that which 
provides the minimum magnitude of electric field at the Si–CH3|TiO2 interface necessary to 
support thermionic emission. 
 
5.3.1  Amorphous Versus Crystalline Titanium Dioxide Thin Films 
 To suggest an explanation for the greater dmax observed experimentally for c-TiO2 (40 Å) 
compared to a-TiO2 (20 Å), the effects of different electronic parameters on the behavior of current 
versus TiO2 thickness were simulated. First, the effect of defect band energy or barrier height of 
the Si–CH3|TiO2 interface was modeled by simulating a 0.1 eV range in the input value for the Eg 
of TiO2 with the hole mobility set constant at 0.0001 cm
2 V–1 s–1 (Fig. 5.4 a). Despite modulating 
the energy of the defect band by 0.1 eV, the simulated dmax shifts by only 1 nm. More notably, the 
biggest influence of the defect band energy is on the shape of the current versus TiO2 behavior. A 
larger barrier height at the Si-CH3|TiO2 interface (Eg = 1.7 eV) provides a smoother, more gradual 
decline in current versus thickness than a smaller barrier height (Eg = 1.65 or 1.6 eV). However, it 
is not clear if such a ‘shape’ effect can be experimentally resolved based on the precision of the 
present data. 
 The effect of hole mobility in the TiO2 layer was also modeled by adjusting the input value 
for the hole mobility (µp) with the Eg set constant at 1.7 eV (this value most closely simulates the 
a-TiO2 behavior). Indeed, the hole mobility parameter results in a pronounced influence on dmax 
as shown in Fig. 5.4 b. Specifically, a hole mobility of 0.0001, 0.001, and 0.01 cm2 V–1 s–1 results 
in a dmax of ~1, 2, and 3 nm, respectively. Because the drift current is proportional to the product 
of mobility and electric field (µ × E), the extent of current through the TiO2 at steady-state 
increases with an increase in hole mobility. Therefore, it takes a greater thickness of TiO2 to induce 
a change in behavior from carriers generated in the bulk Si limiting the current (case 1) to field-
assisted thermionic emission across the Si–CH3|TiO2 potential-energy barrier limiting the current 
(case 2). 
 The effect of recombination in the TiO2 layer was modeled by adjusting the input value for 
the concentration of donor defects at midgap with the Eg set constant at 1.7 eV and hole mobility 
set constant at 0.01 cm2 V–1 s–1 as shown in Fig 5.4 c. The defects were simulated as both traps (σp 
= 1 × 10–10, σn = 1 × 10
–20) and recombination centers (σp = 1 × 10
–10, σn = 1 × 10
–10), where σp 
and σn are the capture cross sectional areas for holes and electrons, respectively. However, this 
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difference had a negligible effect on the current output. The value of the defect concentration 
results in the same pronounced influence on dmax as that observed with hole mobility. Specifically, 
a defect concentration of 1 × 1021, 2 × 1020, and 5 × 1018 cm–3 results in a dmax of ~1.0, 2, and 2.5 
nm, respectively. Because traps and recombination centers capture holes traveling across the defect 
band in the TiO2, an increase in defect concentration will decrease the total hole current through 
the TiO2 at steady-state. Therefore, it takes a smaller thickness of TiO2 to induce a change in 
behavior from the current limited by bulk Si (case 1) to limited by thermionic emission at the 
Si|TiO2 interface (case 2). 
 Even though changing the defect from a trap center to a recombination center had a 
negligible effect on the calculated current through the device, the defect type had a significant 
influence on the simulated value for the open-circuit potential, Voc, as shown in Fig. 5.4 d. For both 
types of defects, the Voc remains constant until a critical thickness is reached at which the Voc 
becomes linear with TiO2 thickness; however, a lower critical thickness is observed for 
recombination centers and the slope of Voc versus TiO2 thickness is much greater than for traps. 
This simulated value can be related to the onset potential for the oxidation reaction, Von,A, by 
Equation 17 [5.12]  
      Voc = E(A/A
–)-Von,A     (17) 
 
where E(A/A-) would be the formal redox potential of ferrocene; therefore, the trend in Voc is 
directly related to the trend in Vonset. By comparing the trend in simulated Voc with the trend in 
experimental onset potential (CVs in Fig. 5.1), trap states are found to match the behavior observed 
with a-TiO2 while recombination centers match the behavior observed with c-TiO2. 
 Based on the excellent agreement between the simulations and experimental observations, 
we conclude that the increase in dmax between a-TiO2 and c-TiO2 is due to a combination of 
enhanced hole mobility across the TiO2 defect-mediated pathway and a change in the defect 
concentration in the TiO2 layer. The enhanced mobility is supported by the 4-point sheet resistance 
measurements (vide supra) in which a higher conductivity was observed in c-TiO2 versus a-TiO2. 
One possible explanation is that the Ti3+ defects that generate the defect band lie along the grain 
boundaries in c-TiO2. Carrier transport across grain boundaries in this case would be much faster 
than if, for example, the same number of Ti3+ defects were positioned within an amorphous 
structure. 
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5.3.2  Platinum Nanoparticles 
 It is likely that the deposition of platinum nanoparticles (Pt-NPs) will affect the band 
structure of n-Si(111)-CH3|TiO2 by locally modifying the contact potential. Because the density of 
states (DOS) in the platinum is greater than the DOS associated with the redox couple, it is likely 
that the Fermi energy throughout n-Si(111)|CH3|TiO2 will equilibrate to the work function of the 
Pt-NPs instead of the formal redox energy of the electrolyte. To simulate this effect, the contact 
potential was systematically modulated. The simulated short-circuit current density (JSC) versus 
TiO2 thickness behavior as a function of contact potential is shown in Fig. 5.5 a. As the contact 
potential is increased, the JSC versus TiO2 thickness curve systematically shifts to greater 
thicknesses, while maintaining its shape. The reason for the shift is due to a change in the electric 
field across the TiO2. The electric field is proportional to the change in electrostatic potential across 
the TiO2. As shown in Fig. 5.5 b, as the contact potential increases from 5.0 eV to 5.4 eV, the 
electric field also increases (as evidenced by the increase in slope of the TiO2 valence band). 
Therefore, we conclude that the addition of Pt-NPs to the surface of the TiO2 increases the electric 
field across the TiO2 layer, which facilitates the field-assisted thermionic emission of holes over 
the potential-energy barrier at the Si–CH3|TiO2 interface and the drift current across the TiO2. 
 As discussed in the introduction, previous researchers have shown that the deposition of 
Pt-NPs on metal|insulator|metal (MIM) constructs recovers the electrochemical kinetics via 
enhanced tunneling probability across the insulating layer. This has clearly been shown to be 
caused by the large overlap in the DOS in the NPs and redox species in solution [5.14]. However, 
our scenario utilizes a semiconductor|insulator|metal (MIS) construct, which has a much lower 
tunneling probability than a MIM construct. Tunneling is proportional to the DOS of each region 
involved in the tunneling process and DOSsemiconductor <<  DOSmetal; therefore, tunneling from a 
semiconductor to a metal is much less probable than tunneling from a metal to a metal [5.4]. Due 
to the leaky dielectric attribute of the ALD-grown TiO2 films, an alternative and more probable 
charge transport pathway than tunneling is dominant. Therefore, Pt-NPs not only enhance the 
tunneling probability across insulating layers, but also can enhance additional charge transfer 
mechanisms – such as the field-assisted thermionic emission observed in the present n-Si(111)-
CH3|‘leaky’TiO2 constructs. 
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5.4  Model Predictions 
 As described above, the charge transfer was improved by increasing the crystallinity of the 
film and/or adding platinum nanoparticles to the surface. In both cases, the charge transfer is 
modifying by influencing the effect or magnitude of the electric field across the "leaky-dielectric" 
and therefore lowering the effective Schottky barrier height via ∆Φ𝑏 in the expression for field-
assisted thermionic emission described by Equation 13. Another way to improve the charge 
transfer would be to lower the Schottky barrier height Φ𝑏 directly by changing the methyl group 
at the Si–CH3|TiO2 interface to another organic group with a more positive surface dipole. One 
possibility is phenyl-dimethoxy (diOMePh), which is predicted by density functional theory 
calculations to have a more positive surface dipole than -CH3. The expectation on the band diagram 
for changing the functional group from -CH3 to phenyl-dimethoxy is shown in Figure 5.6 a. 
 The expectation was validated experimentally as shown in Figure 5.6 b. The maximum 
oxidation current (JOX) was determined as the peak current from a series of cyclic voltammograms 
in the same way as the previous experiments described above. The experimental JOX current is 
shown for n-Si(111)-CH3|Al2O3 (red solid circles) and n-Si(111)-diOMePh|Al2O3 (blue solid 
squares) at varying thicknesses of Al2O3. Al2O3 is also a leaky-dielectric and has been shown to 
display analogous charge transfer behavior as "leaky"-TiO2 blocking layers [5.7]. The red solid 
line and blue solid line are wxAMPS simulated fits, which were obtained by increasing the electron 
affinity of the underlying silicon from the -CH3 case to the -diMeOPh case, which effectively 
reduces the barrier height and increases the field-assisted thermionic emission across the Si(111)-
R|TiO2 heterojunction. 
 
5.5 Model Capabilities 
 The study described in this chapter has shown that wxAMPS is adequate for determining 
the dominant charge transfer mechanism across complex heterostructures. For example, this 
system was composed of an underlying semiconductor, organic functionalization, a leaky 
dielectric, and platinum nanoparticles yet wxAMPS captured the effect of all components 
simultaneously. It was established that the charge transfer limitations when combining a 
functionalized surface with a leaky dielectric is field-assisted thermionic emission at the Si-
R|"leaky-dielectric" interface. Based off the expression for field-assisted thermionic emission, 
suggestions for improvement were made such as decreasing the barrier height at the interface by 
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modifying the organic group or increasing the electric field across the dielectric by depositing 
platinum nanoparticles on top of the photoelectrode. These predictions for improvement were 
validated experimentally.  
 
5.6 Figures 
 
 
 
Figure 5.1: Cyclic voltammograms for (a) n-Si(111)-CH3|c-TiO2  and (b) n-Si(111)-CH3|a-TiO2 
obtained with 2 mM ferrocene (Fc0/+) in 0.3 M LiClO4 acetonitrile solution. All data were collected 
at 100 mV s–1 under AM-1.5G 1-sun illumination. Image taken, with permission, from [5.14]. 
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Figure 5.2: Plots of the maximum oxidation current density (JOX) as a function of TiO2 thickness 
for (a) n-Si(111)-CH3|a-TiO2-(x), (b) n-Si(111)-CH3|a-TiO2-(x)|Pt, (c) n-Si(111)-CH3|c-TiO2-(x) 
and (d) n-Si(111)-CH3|c-TiO2-(x)|Pt samples. The Pt was deposited by ALD and JOX was measured 
using cyclic voltammetry with 2 mM ferrocene in CH3CN containing 0.3 M LiClO4. Image taken, 
with permission, from [5.14]. 
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Figure 5.3: (a) Schematic of the two separate hole conduction mechanisms used in the simulation 
(wxAMPS) of the oxidation current versus TiO2 thickness behavior of n-Si(111)-CH3|TiO2 
photoelectrodes. Pathway (1) is direct tunneling across the metal oxide passivation layer while 
pathway (2) is defect-mediated transport through a defect band. (b) Simulated oxidation current 
versus TiO2 thickness for both tunneling (red dashed line) and defect-mediated transport (blue 
solid line). The band gap of TiO2 was set to 3.2 and 1.7 eV for tunneling and defect-mediated 
transport, respectively. Image taken, with permission, from [5.14]. 
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Figure 5.4: (a) Simulated thickness dependence for the short-circuit current density (JSC for hole 
conduction) for n-Si(111)-CH3|TiO2 photoelectrodes with varying defect band energies and a 
constant hole mobility of μ = 0.0001 V cm–2 s–1. (b) Simulated behavior for the JSC for hole 
conduction for n-Si(111)-CH3|TiO2 photoelectrodes with varying hole mobilities (μp) and a fixed 
defect band energy (Eg = 1.7 eV). (c) Simulated behavior for the JSC for hole conduction for n-
Si(111)-CH3|TiO2 photoelectrodes with varying defect concentrations and a fixed defect band 
energy (Eg = 1.7 eV). (c) Simulated open circuit voltage versus thickness for n-Si(111)-CH3|TiO2 
photoelectrodes for defects act as trap center versus recombination centers. Image taken, with 
permission, from [5.14]. 
 
 
 
 
 
 
 
 
 
 
 
 49 
 
  
 
 
Figure 5.5: (a) Simulated behavior for the short-circuit current density (JSC for hole conduction) 
for n-Si(111)|CH3|TiO2 photoelectrodes with the contact potentials set to 5.0, 5.2, and 5.4 eV with 
fixed Eg = 1.7 eV and µp = 0.0001 V cm–2 s–1. (b) Valence band energy for n-Si(111)|CH3|TiO2 
photoelectrodes and 5 nm of TiO2 with the contact potentials set to 5.0, 5.2, and 5.4 eV. Image 
taken, with permission, from [5.14]. 
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Figure 5.6: Effect of modulating the underlying functional group in a Si(111)-R|"leaky-dielectric 
heterostructure. (a) Expected effect on the band diagram for changing the functional group from -
CH3 to diMeOPh in a Si(111)-R|"leaky"-dielectric. (b) The experimental JOX current for n-Si(111)-
CH3|Al2O3 (red solid circles) and n-Si(111)-diOMePh|Al2O3 (blue solid squares) at varying 
thicknesses of Al2O3. The red solid line and blue solid line are wxAMPS simulated fits, which 
were obtained by increasing the electron affinity of the underlying silicon from the -CH3 case to 
the -diMeOPh case. 
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CHAPTER 6 
NON-LEAKY DIELECTRIC PASSIVATION LAYERS 
 
6.1 Introduction 
 CaFe2O4 (CFO) is a p-type semiconductor that can function as a photocathode to evolve 
H2 from water in a photoelectrochemical (PEC) cell [6.1]. However, CFO degrades during 
operation and an external applied voltage is necessary for PEC H2 evolution. To develop a more 
efficient and reliable CFO electrode, improvement of chemical stability and increase in the onset 
potential is necessary. Coating p-type semiconducting materials with a non-leaky metal oxide 
passivation layer is often used to protect the surface in addition to shifting the onset potential of 
the photocathode [6.2], [6.3], [6.4]. The onset potential for bare CFO is reported to be ~1.3 V vs. 
the reference hydrogen electrode (RHE) [6.5]. Although the onset potential is slightly larger than 
the water oxidation potential (1.23 V) it is not enough of a driving force to realize PEC H2 
evolution without an external applied voltage in a two-electrode system. The necessary onset 
potential is ~1.5-1.6 V vs. RHE due to the overpotential of the water oxidation at the Pt electrode.  
 In this work, a TiO2-coated CFO photoelectrode was designed using wxAMPS and the 
resulting photocathode demonstrated the most positive onset potential among the oxide 
photocathodes ever reported for PEC water-splitting. Using the TiO2-coated CFO as the 
photocathode and RuO2-loaded Pt as the anode, stable H2 evolution without an external applied 
bias was confirmed. The development of this accomplishment is described below.5 
 
6.2  Model Development 
 Figure 6.1 a shows the current-potential (I-V) curve of a bare CFO electrode in 0.1 M 
NaOH solution under chopped AM 1.5 solar illumination. The onset potential for photocathodic 
current was around 1.30 V vs. RHE. However, the valence band position determined from the 
photoelectron spectroscopy in air spectrum was 1.58 V vs. NHE (6.02 eV) as shown in Figure 6.1 
b. This indicates that increasing the onset potential to >1.5-1.6 V is indeed possible in theory, 
implying that PEC H2 evolution without an external applied voltage can be realized. 
                                                     
5 Sections of this chapter are [Sustainable Energy and Fuels, 1 (2), 280-287] – reproduced by Permission of The 
Royal Society of Chemistry. 
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 To develop a method of using a TiO2 passivation layer to achieve a larger (more positive) 
onset potential for photocathodic current, wxAMPS was used to simulate the electrode 
performance. First, I-V curves of TiO2-coated CFO at different wavelengths of excitation were 
simulated using wxAMPS. The simulated photocurrent versus applied potential under 300, 470, 
and 532 nm excitation are shown in Figure 6.2. The photocurrents were normalized using the 
photocurrent at 0.0 V vs. NHE as a reference. The open circuit voltage (Voc) for bare CFO was 
~1.35 V vs. NHE for all three wavelengths of excitation, which agrees well with the experimentally 
observed onset potential of 1.30 V. For the TiO2-coated CFO photoelectrode, the Voc was strongly 
influenced by the wavelength of excitation. The Voc for 300, 470, and 532 nm excitation was 1.06, 
1.92, and 1.87 V vs. NHE, respectively. Therefore, the TiO2 induces a decrease in Voc for 300 nm 
excitation (ultraviolet light) and an increase in Voc for 470/532 nm excitation (visible light). The 
simulation results indicate that the Voc of TiO2-coated CFO under longer wavelength irradiation is 
sufficient to realize PEC H2 evolution without an external applied voltage. 
 
6.3  Charge Transfer Limitation 
 We propose the following explanation for the change in sign of the photoinduced shift in 
Voc by the TiO2 coating under ultraviolet (UV) and visible light irradiation. Under UV 
illumination, the photon energy is sufficient to generate carriers in the TiO2. These accumulate in 
surface traps resulting in an electric field in the TiO2 that reduces the Voc. Under visible light 
illumination, the photon energy is insufficient to excite carriers in the TiO2 and all generation 
occurs in the CFO. The field in the CFO efficiently separates the electron-hole pairs, and the 
conduction and valence band offsets between the CFO and TiO2 create an electron-selective 
contact resulting in a large Voc. The proposed mechanism for the TiO2-coated CFO photoelectrode 
under visible light excitation is shown in Fig. 6.3.  
 
6.4  Model Predictions 
6.4.1 TiO2-coated CaFe2O4 
 The model predictions were validated experimentally by observing the PEC performance 
of a TiO2 (20nm)-coated CFO electrode under various wavelengths of illumination. Figure 6.4 
shows experimental I-V curves of CFO and TiO2-coated CFO electrodes in 0.1 M NaOH solution 
under chopped illumination (300, 470, and 532 nm). Under 300 nm light, the onset potentials of 
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bare CFO and TiO2-coated CFO were 1.27 V and 0.92 V vs. RHE, respectively, as shown in Figure 
6.4 a and b. Thus, under 300 nm excitation, TiO2 induces a negative shift in the onset potential 
which agrees very well with the simulated I-V curves shown in Figure 6.2 a. When the electrode 
is illuminated with 300 nm light, which corresponds to the excitation requirement of the TiO2 
bandgap energy, photoexcited carriers are generated in the TiO2. Thus, an electric field is formed 
in the TiO2 by the photoexcited carriers that accumulate in trap states, which results in a decrease 
in the onset potential. 
 With 470 nm excitation, the onset potentials of bare CFO and CFO|TiO2 were 1.21 and 
1.60 V vs. RHE, respectively, as shown in Figure 6.4 c and d. For 532 nm excitation, the onset 
potentials of bare CFO and CFO|TiO2 were 1.18 V and 1.57 V vs. RHE (Figure 6.4 e and f). 
However, the actual onset potentials for CFO|TiO2 are at minimum 1.60 and 1.57 V vs. RHE for 
470 and 532 nm, respectively, because background current due to water electrolysis interferes with 
the exact determination of the onset potential. Thus, under visible light irradiation, TiO2 induces 
an increase in the onset potential, as predicted by the simulation results as shown in Figure 6.2 b 
and c. As mentioned above, in this system, the TiO2 layer acts as an electron-selective contact 
between CFO and the electrolyte, which results in an increase in the onset potential. 
 In the case of powdered photocatalysis, TiO2 usually requires a co-catalyst for 
photocatalytic H2 evolution. However, in the present case, adding a co-catalyst is not necessary to 
produce H2 on TiO2. When TiO2-coated CFO is illuminated by visible light, carriers are only 
generated in the CFO and not in the TiO2. The degree of band bending in the CFO combined with 
proper band-edge alignment between TiO2 and CFO produces a driving force sufficient to evolve 
H2 without requiring a catalyst. To the best of our knowledge, TiO2-coated CFO has the most 
positive onset potential among the oxide photocathodes ever reported for PEC water splitting. 
Another important result is that the onset potential is strongly affected on the excitation 
wavelength. In the case of TiO2-coated CFO, the experimentally observed potential difference 
between 300 nm illumination and 470 nm illumination was 680 mV. This result indicates that the 
excitation wavelength for PEC H2 evolution should be considered according to the optical property 
of the passivation layer. 
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6.4.2 Spontaneous Water-Splitting With a CFO|TiO2 and RuO2-loaded PEC cell 
 Next, PEC H2 evolution without an external applied voltage was attempted for a TiO2-
coated CFO and RuO2-loaded Pt two-electrode system. RuO2-loaded Pt was used as the anode for 
O2 evolution because the overpotential on RuO2-loaded Pt was slightly lower than pure Pt. The 1.6 
V onset potential predicted by the simulations and subsequently validated experimentally for the 
CFO|TiO2 photocathode is larger than the ~1.5-1.6 V required for water-splitting, implying that 
PEC H2 evolution without an external applied voltage will be realized. Figure 6.5 a shows the I-V 
curve of a photocell with TiO2-coated CFO and RuO2-Pt electrodes in 0.1 M NaOH aqueous 
solution under 470 nm light illumination. The short-circuit current (V = 0) was 18 𝜇A cm-2. 
 The photocurrent was still observed at 1.6 V, although it is difficult to see due to large 
background currents for water decomposition. The onset potential of TiO2-coated CFO under 470 
nm light irradiation in Figure 6.4 d was around 1.6 V, which matches the voltage observed 
photocurrent in the TiO2-coated CFO and RuO2-Pt electrode system shown in Figure 6.5 a. Figure 
6.5 b shows the current-time curve under 470 nm light irradiation without an external applied bias. 
Although a rapid decrease in photocurrent was observed initially, the system showed a stable 
photocurrent (around 500 nA cm-2) for over 15 h. On the other hand, in the case of bare CFO, the 
photocurrent decrease immediately and became negligible (Figure 6.5 b). 
 Figure 6.6 shows the time evolution of H2 production from the TiO2-coated CFO and RuO2-
Pt electrode system without an external applied bias under 470 nm irradiation. H2 gas evolution 
was confirmed by gas chromatography, indicating that PEC H2 evolution reaction occurred at the 
TiO2-coated CFO electrode. The amount of H2 evolved corresponds to the theoretical amount 
estimated from Faraday's law. Evolution of H2 was observed for over 70 h indicating that the TiO2-
coated CFO electrode was stable during the PEC reaction. With regard to O2, reliable results for 
O2 evolution (nanomole amount of O2) were not obtained due to contamination of very small 
amounts of air into the reaction chamber. In the case of bare CFO, H2 evolution was not observed 
without an external bias. Thus, a positive shift in the onset potential of CFO from 1.3 V to 1.6 V 
by coating the electrode with "non-leaky" TiO2 results in H2 evolution without an external applied 
voltage under visible light illumination. 
 To analyze the chemical stability of the TiO2-coated CFO electrode, PEC H2 production 
was conducted under irradiation from a solar simulator (400 mW cm-2) and an external bias (1.2 
V) was applied to accelerate the PEC reaction on the electrode surface. For the bare CFO 
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(cathode)-Pt (anode) system, the photocurrent decreased with increasing reaction time as shown 
in Figure 6.7 a due to the decomposition of the CFO surface. Before the reaction, CFO has a flat 
surface; yet after the PEC reaction, many cracks were observed on the surface of the CFO. Also, 
the color of the electrode surface changed from black to brown due to the loss of Ca2+ ions into the 
aqueous solution. For the TiO2-coated|CFO (cathode)-Pt (anode) system, although the initial 
photocurrents were smaller than that for the bare CFO, the decrease in the photocurrent was 
suppressed (Figure 6.7 a). The photocurrent increased during the first 4 h of PEC H2 production 
but then remained constant throughout the reaction. The initial increase in photocurrent may be 
due to a change in the surface condition of the TiO2 or the interfacial structure between the 
amorphous-like TiO2 layer and CFO during the PEC reaction. 
 The time evolution of H2 and O2 production for the TiO2-coated|CFO (cathode)-Pt (anode) 
system is shown in Figure 6.7 b. Faraday efficiencies for the evolved H2 and O2 were 92% and 
70%, respectively. Backward reaction may explain why the amounts of H2 and O2 evolved did not 
correspond to the quantity of electricity that flowed. The total amount of evolved O2 was very 
small and the solubility of O2 in water is larger than that of H2, which may explain the low faradaic 
efficiency of O2 compared with H2. Thus, it was confirmed that coating CFO with TiO2 is effective 
to improve the chemical stability of CFO and onset potential under visible light irradiation. 
 
6.5  Model Capabilities 
 The study described in this chapter has shown that wxAMPS can be utilized to design a 
PEC cell capable of splitting water without an external applied bias. For example, coating a p-type 
photocathode with a non-leaky dielectric in theory should provide the necessary driving force to 
split water spontaneously by acting as an electron selective contact. However, the onset potential 
of the photocathode is often reduced upon deposition of the dielectric. In this work, we found that 
charge generation within the TiO2 was limiting the onset potential of the photocathode and 
predicted that the selectivity for electrons is optimized by utilizing an ultraviolet filter on the 
excitation source. The prediction was validated experimentally and a PEC cell capable of splitting 
water spontaneously was confirmed. These results reveal the importance of selecting the excitation 
wavelength according to the optical property of the passivation layer on the photoelectrode in the 
PEC water splitting system. 
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6.6  Figures 
 
 
 
Figure 6.1: (a) Current-potential curve of a bare CFO electrode in 0.1 M NaOH solution under 
chopped illumination (solar simulator, AM 1.5) and (b) photoelectron spectroscopy spectrum in 
air and band structure model of CaFe2O4. Image taken, with permission, from [6.6], and created 
by Ida, S. 
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Figure 6.2: Simulated photocurrent versus applied voltage for CFO and TiO2-coated CFO 
electrodes under (a) 300, (b) 470, and (c) 500 nm excitation. Image taken, with permission, from 
[6.6]. 
 
 
 
 
 58 
 
 
Figure 6.3: Proposed charge transfer mechanism for a TiO2-coated CaFe2O4 photoelectrode under 
visible light illumination.Image taken, with permission, from [6.6]. 
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Figure 6.4: Current-potential curves of CFO and TiO2-coated CFO electrodes in 0.1 M NaOH 
solution under chopped light illumination (300, 470, 532 nm); black line: CFO, red line: TiO2-
coated CFO. Image taken, with permission, from [6.6], and created by Ida, S. 
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Figure 6.5: (a) Current-potential curve of a photocell with TiO2-coated CaFe2O4 and RuO2-Pt 
electrodes in 0.1 M NaOH aqueous solution under 470 nm light illumination and (b) CFO-Pt 
electrodes under visible light irradiation (470 nm) in 0.1 M NaOH aqueous solution. Image taken, 
with permission, from [6.6], and created by Ida, S. 
 
 
 
 
Figure 6.6: Time evolution of H2 production from a photoelectrochemical cell using TiO2-coated 
CaFe2O4 without an external applied bias in 0.1 M NaOH aqueous solution under visible light 
irradiation (470 nm); anode: RuO2-loaded Pt electrode. Image taken, with permission, from [6.6], 
and created by Ida, S. 
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Figure 6.7: (a) Current-time evolution for the CaFe2O4 (cathode)-Pt (anode) electrodes in 0.1 M 
NaOH aqueous solution under irradiation from a solar simulator (400 mW cm-2) applying an 
external bias (1.2 V) and (b) time evolution of H2 and O2 production from TiO2-coated CFO and 
Pt electrode system. Image taken, with permission, from [6.6], and created by Ida, S. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 62 
CHAPTER 7 
CONCLUSIONS 
 
A multiscale device model consisting of first-principles density functional theory and 
finite-element device modeling has been established as a reliable tool for investigating charge 
transfer across complex heterostructures. Charge transport has been modeled across a variety of 
materials such as metals, semiconductors, dielectrics, nanoparticles, and electrolytes including 
surfaces chemically functionalized with organic moieties. The model has predictive capabilities 
that have been demonstrated to be correct through experimental comparisons. These tools will 
continue to be used to improve the performance of photoelectrochemical and photovoltaic devices. 
The applicability of the software has been highlighted in this work by determining the 
charge transfer mechanism across semiconductor/electrolyte interfaces functionalized with (1) 
organic moieties, (2) “leaky” dielectrics, and (3) “non-leaky” dielectrics. In regard to 
semiconductors functionalized with organic moieties, it was found that the predominant effect is 
the development of an interfacial dipole that alters the charge transfer across the interface. Charge 
was found to conduct across “leaky” dielectrics through a defect band within the wide gap 
dielectric which can be enhanced by increasing the electric field across the film. Charge was found 
to conduct across the valence or conduction band in a “non-leaky” dielectric, which then acts as 
an electron or hole selective contact layer depending on the band-edge alignment with the 
underlying semiconductors. 
Combining the two levels of theory in density functional theory and finite element device 
modeling has been validated to hold predictive potential for improving the performance of 
photoelectrochemical and photovoltaic devices. However, the surface modification techniques 
described in this thesis are also commonly employed in a variety of additional applications such 
as electronic devices [7.1], [7.2], [7.3], [7.4], [7.5], [7.6], data storage [7.7], chemical sensing [7.8], 
[7.9], [7.10], molecular nanopatterning [7.11], and bioengineering [7.12], [7.13], [7.14], [7.15]. 
Therefore, for future work, the recommendation is to extend the application of the model to new 
areas that could benefit from computational insights into the charge transfer across complex 
heterostructures. 
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APPENDIX A 
INPUT PARAMETERS 
 
The input parameters are listed for the modeled photoelectrodes which include n/p-Si(111)-R 
(where R represents an arbitrary organic molecule), n-Si(111)-CH3|a/c-TiO2 (where a/c indicates 
amorphous and crystalline structure), and p-CaFe2O4|a-TiO2.  
 
A.1 wxAMPS  
Functionalized Silicon  
For n/p-Si(111)-R (where R represents an organic molecule) photoelectrodes, the 
electronic parameters used as inputs for bulk silicon were those tabulated by the Ioffee Institute: 
permittivity = 11.7, electron affinity = 4.05 eV, energy gap (Eg) = 1.12 eV, conduction band density 
of states (Nc) = 3.2 x 10
19 cm-3, valence band density of states (Nv) = 1.8 x 10
19 cm-3, electron 
mobility (µn) = 1400 cm
2 V-1 s-1, and hole mobility (µp) = 450 cm
2 V-1 s-1 [A.1]. Doping levels of 
3.2 x 1015 and 7.7 x 1016 cm-3 were used for n and p-type Si, respectively, based on the doping 
reported in the experimental data that was modeled [A.2]. A thickness of 10 µm was selected for 
the silicon because 10 µm resulted in the simulations having the same maximum open-circuit 
photovoltage as the experimental data for both n and p-type Si. The only effect of further increasing 
the thickness of the Si was an increase in the maximum obtainable open-circuit photovoltage. The 
electron transfer rate constant at the electrolyte and the surface recombination velocity at the back 
metallic contact were set to 107 cm/s, which is approximately equal to the thermal velocity of an 
electron. This value has no effect on the simulation results for values within at least one order of 
magnitude of 107 cm/s. 
 To model surface recombination and Fermi level pinning, a thin defective layer of 1 nm 
thickness was used. The defect layer was treated as a modified silicon layer with the same 
electronic parameters as bulk Si, except that defects were added into the layer. For surface 
recombination, acceptor and donor defects at midgap were added to the defect layer of p-Si(111) 
and n-Si(111) electrodes at concentrations of approximately 1020 cm-3 with a capture cross 
sectional area of 1x10-10 cm2 for both electrons and holes. The defect concentration was low 
enough that the Fermi level still equilibrated to the energy of the redox couple, but high enough 
for significant recombination to occur.  
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 For Fermi level pinning, donor and acceptor defects were included at 0.9 eV and 0.1 eV 
relative to the conduction band edge for n and p-Si(111) electrodes, respectively, with defect 
concentrations of 1x1022 cm-3 and a capture cross sectional area of 1x10-10 cm2 for both electrons 
and holes. A defect density of 1022 cm-3 was high enough for the Fermi level to pin to the defect 
energy at the surface instead of the formal redox potential of the contact.  
      To model an interfacial dipole, the defect layer was not included. Instead, the electron 
affinity of the Si layer was adjusted to reflect the interfacial dipole established by either -H or -CH3 
functionalization. A dipole changes the relative energy of a charge in the Si relative to the 
electrolyte. Modifying the electron affinity of Si reflects this change by altering the flat band 
potential and the amount of depletion in the Si. Electron affinity values ranging between 3.8-4.2 
eV were used.  
 
TiO2 Passivated Functionalized Silicon  
 For n-Si(111)-CH3|a/c-TiO2 (where R represents an organic molecule) photoelectrodes, the 
electronic parameters used as inputs for bulk silicon are the same as those detailed in the section 
above. The electron affinity for the bulk Si layer was set to 3.8 eV, which is the value established 
for a CH3-terminated Si(111) surface [A.3]. The electrolyte contact potential was set as the formal 
energy of the ferrocene redox couple. The electronic parameters for TiO2 were based on values 
from Chorkendorff et al. for ALD-grown TiO2: permittivity = 55, Nc = 1 x 10
20 cm-3, Nv = 1 x 10
20 
cm-3, and Nd = 1 x 10
17 cm-3 [A.4]. The electron affinity was set to 4.1 eV and 𝜇𝑛 was approximated 
as 0.001 cm2 V-1 s-1. The value of Eg and 𝜇𝑝 were adjusted simulation parameters to reflect the 
charge transfer through the TiO2.  
 
TiO2 Passivated CaFe2O4  
 For CaFe2O4|TiO2 photoelectrodes, the electronic parameters used as inputs for bulk 
CaFe2O4 were: permittivity = 287, electron affinity = 4.12 eV, energy gap (Eg) = 1.9 eV, 
conduction band density of states (Nc) = 1 x 10
16 cm-3, valence band density of states (Nv) = 1 x 
1016 cm-3, electron mobility (µn) = 0.01 cm
2 V-1 s-1, hole mobility (µp) = 0.05 cm
2 V-1 s-1, and 
acceptor dopant density (Na) = 1 x 10
16 cm-3. Parameters for the band structure were determined 
using photoelectron spectroscopy in air spectrum while parameters for the carrier concentration 
and hole mobility were determined using Mott-Schottky. The electronic parameters used as inputs 
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for the TiO2 were: permittivity = 50, electron affinity = 4.3 eV, energy gap (Eg) = 3.2 eV, 
conduction band density of states (Nc) = 1 x 10
19 cm-3, valence band density of states (Nv) = 1 x 
1019 cm-3, electron mobility (µn) = 0.001 cm
2 V-1 s-1, hole mobility (µp) = 0.0001 cm
2 V-1 s-1, and 
donor dopant density (Nd) = 1 x 10
18 cm-3. A thickness of 50 µm and 20 nm were selected for the 
CaFe2O4 and TiO2, respectively. To model trap states in the TiO2, donor defects were added at 
midgap with a concentration of 1016 cm-3 and capture cross sections of 5 x 1012 cm2 for both 
electrons and holes. The surface recombination rate was set as 107 cm/s, which is approximately 
equal to the thermal velocity of an electron. 
 
A.2 Density Functional Theory 
 The electronic structure of functionalized Si(111) was studied using density functional 
theory (DFT) [A.5], [A.6] with the plane-wave code VASP [A.7], [A.8], [A.9], [A.10], [A.11] 
along with the Perdew-Burke-Ernzerhof [A.12] exchange-correlation potential and PAW 
pseudopotentials [A.13]. A 2 x n x 8 symmetrically-terminated Si(111) supercell was used with a 
12 Å thick vacuum layer. The size of the unit cell in the “n” direction was modulated between 4-
14 surface lattice sites depending on the desired surface coverage. A plane-wave cutoff of 480 eV, 
a Gaussian smearing of 0.2 eV, and a k-space sampling of 8 x 2 x 1 (n = 4) and 8 x 1 x 1 (n > 4) 
were used. All structures were relaxed using a convergence criterion of 0.02 eV/Å for forces on 
each atom and 10-7 eV for the energy difference between subsequent steps. Two different types of 
Si(111) surfaces were simulated in this work - a mixed chlorine/TFPA composition referred to as 
Si-Cl/TFPA and a mixed methyl/TFPA composition referred to as Si-CH3/TFPA. The unit cells at 
25% TFPA coverage (θTFPA = 0.25 ML) for both Si-Cl/TFPA and Si-CH3/TFPA are shown in 
Figure 3.1. Note that the TFPA rings were free to rotate to their lowest energy orientation and were 
not constrained to lie in a plane as suggested by Figure 3.1.  To avoid formation of a net dipole 
from one surface of the simulation slab to the other both surfaces of the slab were terminated 
identically.  
